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1. Introduction 
The detection and discrimination of a broad range of environmental chemicals is 
essential for all individuals. To address this critical task, the chemosensory system 
has evolved as a complex structure consisting of several subsystems. In general, the 
chemical senses are divided into the gustatory, olfactory and trigeminal system 
mediating perception of tastants, odors and irritating compounds, respectively. 
Among those, the sense of taste is responsible for the evaluation and the 
compatibility test of food in order to detect nutrients and to avoid intake of spoiled or 
toxic substances. To serve this physiological function, the gustatory system needs 
direct contact, because most tastants are water-soluble and non-volatile compounds 
(Chandrashekar et al., 2006; Mombaerts, 2004; Yarmolinsky et al., 2009). 
A second chemosensory system is based on stimulation of fibers of the Nervus 
trigeminus (cranial nerve V) and is, thus, named trigeminal system. This system 
integrates diverse stimuli. In addition to the detection of irritating chemosensory 
compounds, it is involved in perception of touch and temperature as well as pain. 
Therefore, the trigeminal system is thought to function as general warning system 
(Gerhold and Bautista, 2009). 
The most complex chemosensory system by far is the olfactory system, which 
detects a myriad of different chemical cues ranging from small volatile organic 
compounds to large non-volatile peptides. By most healthy humans the sense of 
smell is frequently considered not as important as other sensory modalities, yet 
anosmic patients report a great loss of live quality. Without a functional olfactory 
system e.g. most sensory impressions of a delicious meal are not perceived and, 
without direct contact, spoiled food is not detected. However, for non-primate 
animals, the ability to smell is essential for their survival. Because the olfactory 
system mediates behaviors like mate recognition and choice, pup suckling as well as 
predator avoidance, most animal species would become extinct without the ability to 
detect conspecific and heterospecific cues.  
To meet the challenge of detecting and discriminating a myriad of different chemical 
compounds with enormous structural variety, the olfactory system is organized into 
several subsystems (Breer et al., 2006; Ma, 2007; Munger et al., 2009; Zufall and 
Munger, 2001) (Fig. 1.1).  
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Based on anatomical separation and morphological differences, at least four 
subsystems are distinguished: the main olfactory system (MOS), represented in the 
periphery by the main olfactory epithelium (MOE), the accessory olfactory system 
(AOS) with its peripheral structure the vomeronasal organ (VNO), the Grueneberg 
ganglion (GG) (Grüneberg, 1973) and the septal organ of masera (SO) (Rodolfo-
Masera, 1943). Traditionally, a discrimination was made between the MOE, which 
was thought to detect general odors, and the VNO, which was considered to perceive 
pheromones (Scalia and Winans, 1975). However, in recent years this separation 
was challenged by different studies, which have shown a functional overlap of both 
systems, e.g. in terms of the stimuli they detect (Brennan and Zufall, 2006; Dulac and 
Wagner, 2006; Lin et al., 2005; Meredith, 1998; Spehr et al., 2006a, 2006b; Wang et 
al., 2006; Xu et al., 2005).  
 
1.1.  The main olfactory system 
The MOS consists of the main olfactory MOE in the periphery, which projects to a 
structure in the forebrain called the main olfactory bulb (MOB). The MOE is located in 
the posterior nasal cavity and covers the dorsal nasal septum as well as the 
endoturbinates, which are cartilaginous structures functioning to extend the epithelial 
surface. The MOE consists of three principal cell types: The olfactory sensory 
neurons (OSNs), which mediate odor detection, the sustentacular cells, which have a 
supporting function, and the basal cells, which are precursors of OSNs (Graziadei 
and Graziadei, 1979; Moulton and Beidler, 1967). OSNs have a bipolar structure and 
are composed of the cell body (soma), a thin unmyelinated axon projecting to the 
MOB and a long dendrite ending in a thickened structure called the olfactory knob. 
Fig. 1.1: The olfactory system is divided into 
several subsystems including the main olfactory 
system with the main olfactory epithelium 
(MOE) and the main olfactory bulb (MOB), the 
accessory olfactory system consisting of the 
vomeronasal organ (VNO) and the accessory 
olfactory bulb (AOB), the Grueneberg ganglion 
(GG) as well as the septal organ of masera 
(SO). (Adapted from Spehr et al., 2006b). 
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These knobs carry 20-30 cilia each, which are covered by mucus. Ciliary membranes 
are the site of olfactory signal transduction. Therefore, odorant receptor (OR) proteins 
and other transduction cascade components are enriched in these cilia (Menco, 
1997). ORs are seven transmembrane G-protein coupled receptors (GPCRs) (Buck 
and Axel, 1991). Based on protein sequence similarity, GPCRs are divided into three 
major classes: the rhodopsin-receptor like family (family A), the secretin receptor-like 
family (family B) and the metabotropic glutamate receptor-like family (family C) 
(Bockaert and Pin, 1999; Graul and Sadée, 2001; Joost and Methner, 2002; 
Josefsson, 1999). ORs belong to family A and, in the rodent MOE, more than 1000 
different OR genes are expressed, representing the largest gene family in the 
genome (Buck and Axel, 1991; Zhang and Firestein, 2002). Each OSN only 
expresses one OR in a monoallelic fashion (Lewcock and Reed, 2004; Magklara et 
al., 2011; Serizawa et al., 2003, 2004). This pattern has been termed ‘one neuron – 
one receptor’ rule. To discriminate the plethora of odors by even thousand ORs, a 
combinatorial code is used: Each odor can activate multiple receptors and each 
receptor can detect several odors (Krautwurst et al., 1998; Malnic et al., 1999; Zhao, 
1998). Thus, the identity of an odor is specified by the activated receptor repertoire. 
When an odor binds to the OR binding pocket, the receptor changes its conformation 
in transmembrane domains 3 and 6, enabling interaction with the heteromeric G-
protein Golf (Belluscio et al., 1998; Jones and Reed, 1989; Pace and Lancet, 1986). 
The activated Golf dissociates in the membrane bound Gβγ-complex and the freely 
diffusible guanosine-triphosphate (GTP)-bound Gαolf subunit. Gαolf then stimulates an 
adenylate cyclase type III (AC III) (Bakalyar and Reed, 1990; Pace et al., 1985; Sklar 
et al., 1986; Wong et al., 2000). In turn, AC III hydrolyzes adenosine-triphosphate 
(ATP) to generate the second messenger cyclic adenosine-monophosphate (cAMP), 
which binds to the cyclic nucleotide-gated channel (Bönigk et al., 1999; Bradley et al., 
1994; Brunet et al., 1996; Dhallan et al., 1990; Liman and Buck, 1994; Lin et al., 
2004; Nakamura and Gold, 1987). Cyclic-nucleotide gated (CNG) channel opening 
leads to calcium and sodium influx into the cell (Firestein and Werblin, 1989; Kleene, 
2008; Zufall et al., 1994) and subsequent activation of calcium-activated chloride 
channels (CaCCs) (Kurahashi and Yau, 1993; Lowe and Gold, 1993). The CaCC 
identity was recently discovered as anoctamin 2 (Ano 2), also known as TMEM16B (a 
member of the transmembrane 16 group of proteins) (Billig et al., 2011; Pifferi et al., 
2009; Rasche et al., 2010; Stephan et al., 2009). Because OSNs maintain relatively 
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high intracellular chloride concentrations via the Na+-K+-Cl- cotransporter type 1 
(NKCC1) (Kaneko et al., 2004; Reisert et al., 2005), CaCC activation leads to 
chloride efflux (Fig. 1.2). Together with sodium and calcium influx, this causes 
membrane depolarization and action potential firing (Firestein, 2001). Action 
potentials are then propagated along the axon to the MOB. 
 
                                     
 
 
 
 
 
 
The OSN axons project as nerve bundles through the basal lamina and the cribiform 
plate and terminate in discrete spherical neuropil structures termed glomeruli. OSN 
axonal targeting shows a high level of convergence: All OSNs expressing the same 
OR project to one or a few glomeruli in each bulb hemisphere (Levai et al., 2003; 
Mombaerts, 2006; Mombaerts et al., 1996; Ressler et al., 1994). This spatial pattern 
is termed ‘odotopic map’. In the glomerular layer, glomerular position are not 
randomly distributed and high similarities between different individuals are found 
(Strotmann et al., 2000). Thus, odor processing leads to specific spatiotemporal 
Fig. 1.2: Schematic figure illustrating the signal transduction cascade in olfactory sensory 
neurons (OSNs). When an odor binds to the odorant receptor (OR), the OR changes its 
conformation and activates the heteromeric G-protein Golf through the exchange of GDP to GTP. 
Gαolf dissociates from the membrane-bound βγ-complex and stimulates adenylate cyclase type III 
(AC III), which hydrolyzes ATP to cAMP. cAMP, in turn, binds to the cyclic-nucleotide gated (CNG) 
channel. CNG channel opening leads to sodium and calcium influx and subsequent activation of a 
calcium-activated chloride channel (Cl-ca). This depolarizes the cell and induces action potentials, 
which are propagated to the olfactory bulb (OB). (Adapted from Spehr et al., 2006b) 
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coding patterns (Johnson and Leon, 2007; Mori et al., 2006; Spors and Grinvald, 
2002; Wang et al., 2003). Glomeruli are neuropil networks, where OSN axon 
terminals make synaptic contact with branched apical dendrites of second-order 
projections neurons called mitral/tufted cells. Mitral/tufted cell axons form the lateral 
olfactory tract, which conveys odor information to higher brain centers: the piriform 
cortex, the anterior olfactory nucleus, the olfactory tubercle, the entorhinale cortex 
and the cortical amygdala (Haberly, 2001; Lledo et al., 2005). From these brain 
areas, information is directly relayed to higher cortex regions for further processing 
without passing the thalamus (Fig. 1.3).  
 
  
Fig. 1.3: The main olfactory system projects to diverse regions in the brain. Olfactory sensory 
neurons (OSNs) in the main olfactory epithelium (MOE) expressing the same receptor send their 
axons to one or a few glomeruli in the main olfactory bulb (MOB). In glomeruli, OSN axons synapse 
with branched dendrites of mitral/tufted cells. The axons of these second-order neurons form the 
lateral olfactory tract, which conveys odor information to higher brain centers: the piriform cortex (Pir), 
the anterior olfactory nucleus (AON), the olfactory tubercle (OT), the entorhinale cortex (Ent) and the 
cortical amygdala (Am). From these centers, information is relayed to other brain areas such as 
hypothalamus, hippocampus and higher cortex. (From Ma, 2007). 
 
In addition to ‘canonical‘ OSNs, which express classical ORs and couple to the 
cAMP-derived cascade, the MOE contains distinct neurons with other sensory 
receptors or signal transduction molecules. The trace-amine associated receptors 
(TAARs) are monoallelically and monogenetically expressed in ciliated olfactory cells 
(~1/1000 OSNs) and are family A GPCRs (Johnson et al., 2012; Liberles and Buck, 
2006). They are closely related to biogenic amine receptors (such as dopamine or 
serotonin receptors) and are activated in vitro and in vivo by different volatile amines 
(Ferrero et al., 2011; Liberles and Buck, 2006; Pacifico et al., 2012; Zhang et al., 
2013). Recent studies show that these receptors seem to couple to a cAMP-derived 
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signal transduction cascade (Johnson et al., 2012; Liberles and Buck, 2006; Pacifico 
et al., 2012; Zhang et al., 2013).  
Another OSN subtype expresses the membrane-bound protein guanylyl cyclase type 
D (GC-D) (Fülle et al., 1995; Juilfs et al., 1997; Zufall and Munger, 2010). These cells 
contain a distinct repertoire of signal transduction molecules (Meyer et al., 2000) and 
project to a specific glomeruli group in the posterior MOB termed ‘necklace’ glomeruli 
(Leinders-Zufall et al., 2007; Shinoda et al., 1989; Walz et al., 2007). Recent studies 
suggest an involvement of these cells in detecting natriuretic peptides 
(Cockerham et al., 2009; Leinders-Zufall et al., 2007), CO2 (Hu et al., 2007) as well 
as CS2 (Munger et al., 2010) and in mediating food preferences in mice (Arakawa et 
al., 2013; Munger et al., 2010). 
In addition to these three different chemosensory cell types, it was shown that some 
cells express distinct ion channels such as transient receptor potential melastatin 
type 5 (TRPM5) channels (Lin et al., 2007, 2008), transient receptor potential 
canonical type 6 (TRPC6) channels (Elsaesser et al., 2005), transient receptor 
potential canonical type 2 (TRPC2) channels (Liman et al., 1999), and / or other 
signal transduction molecules e.g. phospholipase C (PLC) (Elsaesser et al., 2005). 
 
1.2.  The accessory olfactory system 
Most vertebrates harbor a well-developed AOS, which seems to play a major role in 
detecting semiochemicals and other social cues (Brennan and Zufall, 2006; Dulac 
and Torello, 2003; Halpern and Martinez-Marcos, 2003; Luo and Katz, 2004; Tirindelli 
et al., 2009; Zufall and Leinders-Zufall, 2007). Only some taxa e.g. crocodilians, 
some bats, cetaceans and some primates, independently lost a functional AOS 
(Eisthen, 1992).  
The AOS consists of a peripheral chemosensory structure, the VNO, which projects 
to the accessory olfactory bulb (AOB). The AOB is a spherical structure in the 
forebrain located in the dorso-caudal part of the MOB. The VNO was first described 
in 1813 by Ludvig Jacobson (Jacobson et al., 1998), who provided a detailed 
description of its anatomical appearance. Therefore, the VNO is also called organ of 
Jacobson. On the anatomical level, the VNO is a bilateral blind-ending tube covered 
by a cartilaginous capsule and is located at the nasal septum base above the palate 
(Breer et al., 2006; Jacobson et al., 1998; Keverne, 1999). It is composed of a 
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crescent-shaped sensory epithelium localized to the medial wall and a non-sensory 
epithelium lining the lateral cartilage (Fig. 1.4). These two epithelia are separated by 
a mucus filled lumen, which is in contact with the nasal cavity via the narrow 
vomeronasal duct. The non-sensory epithelium contains a large blood vessel, which 
is innervated by the autonomous nervous system. Upon stimulation, this blood vessel 
starts to constrict and dilate, which serves as vascular pumping mechanism to 
transport chemical cues into the VNO lumen (Meredith and O’Connell, 1979). Based 
on this pumping, relatively large and non-volatile semiochemicals such as peptides or 
proteins reach the sensory surface of the vomeronasal epithelium. 
 
    
 
The vomeronasal sensory epithelium consists of three cell types: Vomeronasal 
sensory neurons (VSNs), sustentacular cells and basal cells. Sustentacular cells are 
generally considered as supportive cells for the sensory neurons. They have a 
bipolar structure reaching from the basal lamina to the apical epithelial surface 
(Ghiaroni et al., 2003; Naguro and Breipohl, 1982; Vaccarezza et al., 1981). Basal 
cells are immature precursors of VSNs. After a specific period of time, VSNs are 
replaced by differentiating basal cells. Then, basal cells start to move from the basal 
layer to more apical epithelial positions. When basal cells become mature VSNs, they 
express the olfactory marker protein (Keverne, 1999). 
The third vomeronasal cell type is represented by the principal chemosensory cells, 
the VSNs. VSNs have a bipolar structure and are composed of the cell body (soma), 
a thin unmyelinated axon projecting to the AOB and a long dendrite ending in a 
thickened structure called dendritic knob (Naguro and Breipohl, 1982; Vaccarezza et 
Fig. 1.4: Schematic figure showing the   
organization of the accessory olfactory 
system. The vomeronasal organ (VNO) is 
a cigar-shaped organ lying above the 
palate. The VNO consists of a blood vessel 
(BV), lumen and sensory epithelium. This 
sensory epithelium is divided into two 
subpopulations of vomeronasal sensory 
neurons (VSNs). One subpopulation is 
located apically (shown in red) and one 
subpopulation is located basally (shown in 
green). (Adapted from Spehr et al., 2006b) 
11 
 
al., 1981). These knobs possess several microvilli, which project into the 
vomeronasal lumen and are covered by fluid secreted from vomeronasal glands.  
The vomeronasal epithelium consists of two VSN types (Fig. 1.4). The somata of one 
subpopulation are located at the more luminal site of the sensory epithelium. These 
cells are termed apical VSNs. The somata of the other subpopulation are located 
more basal. Thus, this population is called basal VSNs. Both VSN types are also 
distinguished by their projection to the AOB and the expression of different signal 
transduction molecules. 
Apical VSNs express one member of the vomeronasal type 1 receptor-encodig gene 
(V1r) family in a monoallelic fashion (Dulac and Axel, 1995; Rodriguez et al., 1999; 
Roppolo et al., 2007). This family contains over 130 GPCR-coding genes with a full-
length uninterrupted open-reading frame as well as over 150 pseudogenes 
(Rodriguez et al., 2002). The vomeronasal type 1 receptors (V1Rs) belong to family A 
GPCRs and, like ORs or TAARs, possess a short N-terminus. In addition, they share 
some common features such as an intron-free coding region and a clustered 
chromosomal organization scattered on different chromosomes (Rodriguez et al., 
2002). The V1rs are divided into 12 subfamilies (V1ra-l), each consisting of 1-30 
members. They are remarkably diverse sharing over 40 % intrafamiliar sequence 
identity, but only less than 15 % interfamily identity. Until today, V1R ligand identity 
remains largely unknown. Only one receptor-ligand pair could be described: Boschat 
and colleagues reported activation of the Vmn1R49 (known before as V1Rb2) by 2-
heptanone (Boschat et al., 2002). In addition to V1r expression, apical VSNs also 
specifically express the signal transduction G-protein Gi2 (Berghard and Buck, 1996; 
Halpern et al., 1995).  
Basal VSNs express members of the vomeronasal type 2 receptor-encoding gene 
(V2r) family (Herrada and Dulac, 1997; Matsunami and Buck, 1997; 
Ryba and Tirindelli, 1997). Vomeronasal type 2 receptors (V2Rs) belong to family C 
GPCRs that share a long hydrophobic N-terminus as well as an intron-interrupted 
coding region (Mombaerts, 2004). In mice, the V2r family consists of ~120 intact 
genes and approximately 160 pseudogenes and can be divided into four subfamilies 
termed A, B, C and D (Silvotti et al., 2007; Young and Trask, 2007). Among those, 
subfamily A is by far the largest family and contains over 100 members (Yang et al., 
2005; Young and Trask, 2007). By contrast, subfamily D only harbors 4 members 
(Silvotti et al., 2007). Like V1rs, V2rs are expressed in a monogenic and monoallelic 
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fashion, with the exception of the 7 subfamily C members (also known as V2r2s), 
which are expressed in most, if not all, basal VSNs (Martini et al., 2001). In addition 
to the V2rs, some basal VSNs express another multigene family termed H2-Mv, 
which encode for nine members of the non-classical class Ib major histocompatibility 
complex (MHC) family (Ishii et al., 2003; Loconto et al., 2003). In last years, it was 
thought that these proteins play a major role in V2R trafficking processes and surface 
expression. However, recent findings suggest that a large V2R repertoire is properly 
expressed without these molecules (Ishii and Mombaerts, 2008; Silvotti et al., 2007). 
Although, it was recently shown by two different groups that two specific V2Rs are 
activated by non-volatile peptides or proteins (Haga et al., 2010; 
Leinders-Zufall et al., 2009), the identity of most V2R ligands remains largely 
unknown. In addition to V2R expression, the expression of the signal transduction G-
Protein Go is also restricted to basal VSNs (Berghard and Buck, 1996; 
Halpern et al., 1995) . 
Recently, a third vomeronasal receptor (VR) family was found in the VNO. Its 
members belong to the class of formyl peptide receptors (FPRs). These family A 
GPCRs are mostly expressed in the apical vomeronasal layer (Liberles et al., 2009; 
Rivière et al., 2009). FPRs are known from their expression in the immune system 
and are activated by inflammation-associated compounds such as formylated 
peptides derived from bacteria. Therefore, vomeronasal FPRs are suggested to 
detect such inflammation-associated compounds, which may lead to identification of 
unhealthy conspecifics (Liberles et al., 2009; Rivière et al., 2009; but see: 
Bufe et al., 2012). 
Until today, vomeronasal signal transduction is poorly understood and different signal 
transduction models have been proposed (Brann et al., 2002; Lucas et al., 2003; 
Spehr et al., 2002). Although it is known that the G-proteins Gi2 and Go are 
coexpressed with VRs in apical and basal VSNs, respectively, two studies failed to 
demonstrate a critical role for these proteins in vomeronasal signal transduction 
(Norlin et al., 2003; Tanaka et al., 1999). However, a recent study using mice with a 
conditional knock-out of Go could confirm that Go critically contributes to the signaling 
pathway in basal VSNs (Chamero et al., 2011). 
The following signal transduction cascade model has been proposed (Fig. 1.5): When 
a ligand binds to the VR binding pocket, the receptor changes its conformation, which 
leads to activation of the specific G-protein Gi2 or Go. The activated G-protein 
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stimulates the enzyme PLC (Holy, 2000; Inamura et al., 1999; Krieger et al., 1999; 
Leinders-Zufall et al., 2000; Lucas et al., 2003; Spehr et al., 2002; Wekesa and 
Anholt, 1997), which hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) into 
inositol 1,4,5 trisphosphate (IP3) and diacylglycerol (DAG). DAG, in turn, could be 
conversed by the DAG-lipase to polyunsaturated fatty acids (PUFAs) e.g. arachidonic 
acid. All three metabolites have been proposed in gating a calcium-permeable 
transduction channel (Brann et al., 2002; Lucas et al., 2003; Spehr et al., 2002). In 
1999, Liman and co-workers described abundant expression of the TRPC2 channel 
in VSN microvilli (Liman et al., 1999). Subsequent studies using trpc2 knock-out mice 
reported a strong impairment in the activation of the DAG-sensitive transduction 
channel (Lucas et al., 2003) as well as various defects in social and sexual behavior 
of these mice (Leypold et al., 2002; Stowers et al., 2002). However, when 
investigating electrical responses of TRPC2-deficient VSNs results of different 
studies were controversial. Stowers and colleagues reported a complete abolishment 
(Stowers et al., 2002), whereas other studies described only reduced responses 
(Kelliher et al., 2006; Leypold et al., 2002). However, it is clear that VSN stimulation 
leads ultimately to calcium influx into the cell (Chamero et al., 2007; He et al., 2010; 
Kimoto et al., 2005; Leinders-Zufall et al., 2000). In general, calcium seems to play a 
major role as a second messenger in vomeronasal signal transduction. Recently, 
different studies reported an involvement of a CaCC in amplifying primary receptor 
currents similar to signal transduction in canonical OSNs (Dibattista et al., 2012; Kim 
et al., 2011; Yang and Delay, 2010). The channel identity was recently proposed as 
Ano2 (Billig et al., 2011). Furthermore, Spehr and colleagues described a calcium-
dependent negative feedback mechanism involved in vomeronasal signal adaptation 
(Spehr et al., 2009). In addition, it was reported that VSN stimulation with urine leads 
to the opening of large-conductance calcium-activated potassium channels (Ukhanov 
et al., 2007; Zhang et al., 2008). Together, these studies propose the contribution of 
different signal transduction components in vomeronasal chemosensory signaling, 
but the exact mechanisms remain largely unknown. 
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If the stimulation of the signal transduction machinery is strong enough, action 
potentials are generated, which propagate along the thin unmyelinated axon. The 
VSN axons form the vomeronasal nerve and project along the nasal septum through 
the cribiform plate to the AOB (Jacobson et al., 1998; Keverne, 1999). The dichotomy 
of apical and basal VSNs in the sensory epithelium is maintained: Apical VSNs 
project to the rostral AOB, whereas basal VSNs innervate the caudal AOB. 
In the AOB, VSN axons terminate in spherical neuropil networks called glomeruli, 
where they synapse with second-order neurons termed mitral/tufted cells. However, 
in contrast to the MOB, VSNs expressing the same VR project to multiple glomeruli 
and mitral/tufted cells innervate several glomeruli (Belluscio et al., 1999; Del Punta et 
al., 2002; Rodriguez et al., 1999; Wagner et al., 2006). Mitral/tufted cell axons project 
to higher brain centers involved in modulating endocrine status and behavioral output 
of animals such as the amygdala and the hypothalamus (Cowan et al., 1965; Dulac 
and Wagner, 2006; Licht and Meredith, 1987; Meredith, 1998). 
 
Fig. 1.5: Schematic figure depicting the 
putative vomeronasal signal 
transduction cascade. The vomeronasal 
sensory epithelium is divided into two 
subpopulations of vomeronasal sensory 
neurons (VSNs). Apical VSNs project to the 
rostral accessory olfactory bulb (AOB) and 
express vomeronasal type 1 receptors 
(V1Rs) as well as the G-protein Gi2. Basal 
VSNs project to the caudal AOB and 
express vomeronasal type 2 receptors 
(V2Rs) as well as the G-protein Go. The 
signal transduction cascade takes place in 
VSN microvilli. Ligand interaction with the 
VR activates the G-protein, which 
stimulates phospholipase C (PLC). PLC, in 
turn, hydrolyzes phosphatidylinositol 4,5-
bisphosphate (PIP2) into inositol 1,4,5 
trisphosphate (IP3) and diacylglycerol 
(DAG). This leads to opening of the TRPC2 
and / or another unknown channel. The 
cation influx through the channels, in turn, 
opens the calcium-activated chloride 
channel (Cl-ca) ano2. 
(adapted from Spehr et al., 2006b) 
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1.2.1.  Semiochemicals 
Initially, cues activating the VNO were termed pheromones. This term was first 
introduced by Karlson and Lüscher in 1959 and is composed of two Greek-derived 
words: ‘pherein’ denoting to ‘carry’ or to ‘transfer’ and ‘hormon’ meaning to ‘stimulate’ 
or to ‘excite’. Pheromones are defined as chemical cues, which are released from an 
animal and induce an innate specific reaction in an individual of the same species 
(Karlson and Lüscher, 1959). In the last years, this definition was discussed 
controversially. It was proposed to refer to mammalian pheromonal cues as 
‘semiochemicals’, which is derived from the Greek ‘semion’ denoting ‘sign’. 
Semiochemicals are defined as compounds, which transfer chemical information 
between different animals. Therefore, this definition also includes substances which 
are released from an individual of one species, but influence a member of another 
species (Tirindelli et al., 2009). 
Semiochemicals are used in a wide range of species reaching from single-cell 
organisms to mammals (Bassler, 2002). They can be divided into different classes 
depending on the releaser and the effect on the receiving individual. For example, 
releaser cues elicit relatively direct behavioral intraspecific responses such as 
aggressive behavior. By contrast, primer cues induce delayed intraspecific responses 
mostly mediated by endocrinal alterations. Another semiochemical subtype are 
kairomones, which are released from an individual of one species and benefit only 
the receiving individual of another species (Tirindelli et al., 2009). 
In mice, semiochemicals are secreted by different glands into bodily fluids such as 
urine, vaginal secretions, saliva and different other scent secretions. This fluids 
function as semiochemical sources for receiving conspecifics (Kimoto et al., 2005; 
Novotny et al., 1986). Among those, mouse urine is the best described 
semiochemical source containing both different volatiles (Jemiolo et al., 1986; 
Leinders-Zufall et al., 2000; Lin et al., 2005; Novotny et al., 1986, 1999a, 1999b) and 
relatively non-volatile compounds such as major urinary proteins (MUPs) and MHC-
peptides (Cavaggioni and Mucignat-Caretta, 2000; Chamero et al., 2007; 
Cheetham et al., 2007; Leinders-Zufall et al., 2004, 2009; Logan et al., 2008). In the 
last years, different studies described various effects of these peptide and protein 
semiochemicals in mice. MUPs (18-20 kDa members of the lipocalin family) are 
androgen-dependently produced in the liver and excreted with urine (Cavaggioni and 
Mucignat-Caretta, 2000; Finlayson et al., 1965; Logan et al., 2008; Szoka and 
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Paigen, 1978). They are involved in both mediating intraspecific aggressive behavior 
(Chamero et al., 2007) and interspecific defensive behavior (Papes et al., 2010) as 
well as spatial learning in female and male mice (Roberts et al., 2012).  
In addition, several studies reported a substantial role of MHC class I peptides in 
vomeronasal signaling (Hovis et al., 2012; Leinders-Zufall et al., 2004, 2009), which 
are a second macromolecule class in mouse urine (Hovis et al., 2012; Sturm et al., 
2013). These molecules are known from the immune system, where MHC-peptides 
from foreign organisms are presented to T-lymphocytes (Janeway and Golstein, 
1993; Maenaka and Jones, 1999). In vomeronasal chemosensory signaling, they are 
suggested to play a major role in recognition of genetic individuality (Leinders-Zufall 
et al., 2004) and mediate behaviors such as pregnancy block termed the bruce effect 
(Brennan, 2004; Bruce, 1959; Kelliher et al., 2006; Thompson et al., 2007). 
In addition to urinary proteins and peptides, exocrine gland secreting peptides 
(ESPs) are important for vomeronasal signaling (Kimoto et al., 2005, 2007). It was 
recently described that male specific ESP1 induces lordosis in female mice through 
the activation of the Vmn2r116 (synonym: V2Rp5) receptor (Haga et al., 2010). 
Together, these different studies implicate a major role of peptide and proteins in 
vomeronasal chemosensory signaling. 
 
1.3.  Acid-sensitive ion channels and receptors 
The regulation of acid-base balance plays a major role in the metabolism of 
organisms and cellular homeostasis. Thus, deviation from regular pH such as 
acidosis are often implicated in pathophysiological conditions e.g. tissue inflammation 
or ischaemia (Cobbe and Poole-Wilson, 1980; Issberner et al., 1996; Kumar et al., 
2007; Steen et al., 1995; Tombaugh and Sapolsky, 1993).  
However, in the nervous system changes in intra- and extracellular pH are also 
associated with physiological events. Several studies describe a significant pH shift in 
neurons, glia and the interstitial space of the central nervous system induced by 
electrical activity (see: Chesler, 1990; Chesler and Kaila, 1992) This pH alteration 
can appear rapidly in alkaline as well as in acidic direction. Such local pH changes 
can be large enough to, in turn, affect the activity of different ion channels, receptors 
or enzymes. Thus, an activity-induced pH shift leads to modulations of neuronal 
excitability. 
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Because intra- and extracellular pH alterations play such an essential role in different 
pathophysiological and physiological aspects, proton-sensing has evolved as an 
important property of primary afferent neurons. To address this critical task, neurons 
express a great diversity of acid-sensitive ion channels and receptors (Holzer, 2009). 
 
1.3.1.  Acid-sensing ion channels 
Acid-sensing ion channels (ASICs) belong to the epithelial Na+-channel and 
degenerin (ENaC / DEG) ion channel family and are found in different chordate 
species (Gründer and Chen, 2010). They are widely expressed in different neuron 
populations in the peripheral and central nervous system (Alvarez de la Rosa et al., 
2002; Benson et al., 2002; Mamet et al., 2002; Voilley et al., 2001; Waldmann et al., 
1999) as well as in several non-neuronal tissues including vascular smooth muscle 
cells, testis, immune cells, bone, pituitary gland and lung epithelial (Alexander, 2009; 
Grifoni et al., 2008; Gründer et al., 2000; Jahr et al., 2005; Lingueglia, 2007). In 
mammals, ASICs are encoded by four different genes (accn1-4), which are 
alternatively spliced in seven subunits termed ASIC1a, ASIC1b, ASIC1b2, ASIC2a, 
ASIC2b, ASIC3 and ASIC4. Among those, ASIC1b2, ASIC2b and ASIC4 are the only 
members not activated by extracellular protons (Gründer et al., 2000; Lingueglia, 
2007; Wemmie et al., 2006). Characteristic features of all ASICs are their voltage-
insensitivity and their inhibition by the antidiuretic drug amiloride (Alexander, 2009; 
Lingueglia, 2007; Waldmann et al., 1997, 1999; Wemmie et al., 2006). ASIC subunits 
contain two hydrophobic transmembrane domains and a large extracellular loop. To 
form functional channels subunits assemble as homo- or heterotrimers (Gonzales et 
al., 2009; Jasti et al., 2007) (Fig. 1.6). In general, when protons activate ASIC they 
show transient fast-desensitizing inward currents. However, it was shown that ASIC3 
(Waldmann et al., 1997b) and sharkASIC1b (Springauf and Gründer, 2010) 
desensitize incompletely leading to small sustained currents. ASICs  preferentially 
conduct sodium, with ASIC1a being the only member also conducting calcium 
(Gründer and Chen, 2010; Lingueglia, 2007; Wemmie et al., 2006).  
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ASICs are involved in the perception of noxious and mechanical stimuli as well as in 
several other cellular processes such as fear conditioning or synaptic plasticity 
(Lingueglia, 2007). In addition, it was shown that a close relative of ASICs termed 
BASIC (bile acid-sensitive ion channel) mediates bile-acid detection in 
cholangiocytes (Wiemuth and Gründer, 2010, 2011; Wiemuth et al., 2012, 2013). 
 
1.3.2.  Transient receptor potential vanilloid type 1 channel 
The transient receptor potential vanilloid type 1 (TRPV1) channel belongs to the large 
transient receptor potential (TRP) channel superfamily. These channels are named 
after their role in Drosophila phototransduction (Clapham et al., 2005; Nilius and 
Owsianik, 2011). TRP channels are composed of four subunits, with each subunit 
containing six hydrophobic transmembrane domains with the pore loop between the 
fifth and sixth transmembrane segment (Clapham et al., 2001; Ramsey et al., 2006).  
TRP channels are divided into six subfamilies. TRPV1 is the founding member of 
subfamily V (vanilloid), which comprises six members (Nilius and Voets, 2005; Wu et 
al., 2010). In 1997, TRPV1 channel was isolated by expression cloning from a rat 
dorsal root ganglion (DRG) library (Caterina et al., 1997). In the following years, it 
was shown that this channel is widely distributed in various tissues such as trigeminal 
ganglion, kidney, testis, liver and lung (Nilius and Owsianik, 2011). The TRPV1 
Fig. 1.6: Low pH crystal structure of the 
chicken ASIC 1 homomeric channel. 
ASIC subunits consist of two hydrophobic 
transmembrane domains and a large 
extracellular loop. To form a functional 
channel subunits assemble as trimers.  
Each color represents one subunit. Grey 
bars indicate polar headgroups of lipids in 
the cellular membrane. Out = extracellular 
space, In = intracellular space. 
(from Jasti et al., 2007) 
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channel is known as ‘capsaicin receptor’ named after its common activator. However, 
it is a multimodal sensor, which integrates different pain-producing stimuli such as 
noxious heat, endovanilloids as well as protons. Thus, it plays a major role in the pain 
pathway (Caterina et al., 1997; Jordt et al., 2000; Tominaga et al., 1998). 
When protons activate this channel, it shows a sustained non-desensitizing cation-
carried current (Caterina et al., 1997; Jordt et al., 2000; Tominaga et al., 1998). The 
TRPV1 channel is highly permeable to calcium (Caterina et al., 1997). In addition, a 
proton-conductance was reported by two different groups (Hellwig et al., 2004; Vulcu 
et al., 2004). 
 
1.3.3.  Two-pore domain potassium channels 
The family of two-pore domain potassium (K2P) channels belongs to the large 
potassium channel superfamily and consists of several different members, which are 
encoded by the kcnk genes (Goldstein et al., 2005). These channels are named by a 
unique property in their membrane topology: Functional dimeric channels are 
composed of two subunits, each subunit containing four transmembrane domains 
and two pore segments. K2P channels are also known as ‘leak channels’ and are 
constitutively open, voltage-independent and non-inactivating. Because of these 
properties, they are determinants of the resting membrane potential and, thus, play a 
major role in neuronal excitability. K2P channels are abundantly expressed in 
neurons (Goldstein et al., 2001; Lesage and Lazdunski, 2000). In addition, K2P 
channels are proposed to be involved in mechano- and chemosensation being 
responsive to nitric oxide, glucose as well as alterations in intra- and extracellular pH 
(see: Duprat et al., 2007).  Different family members interact with a great diversity to 
protons or hydroxide ions. However, the majority of these channels are inhibited by 
extracellular acidification (Duprat et al., 2007; Goldstein et al., 2001, 2005; Holzer, 
2009; Lesage and Lazdunski, 2000; Patel and Honoré, 2001). 
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1.3.4.  Hyperpolarization-activated cyclic-nucleotide gated channels 
The hyperpolarization-activated cyclic-nucleotide gated (HCN) channels belong to the 
large superfamily of voltage-gated pore loop channels (Yu et al., 2005) and consist of 
four members (HCN1-4) in mammals. These channels are built as homo- or 
heterotetramers (Altomare et al., 2003; Chen et al., 2001; Much et al., 2003; 
Ulens and Tytgat, 2001; Whitaker et al., 2007) with each subunit containing six 
transmembrane domains. Transmembrane segment four functions as voltage-sensor 
(Chen et al., 2000; Vaca et al., 2000) and the pore domain is located between the 
fifth and sixth transmembrane segment. In contrast to the short N-terminus, the C-
terminus consists of a large C-linker and the cyclic-nucleotide binding domain 
(CNBD) (Craven and Zagotta, 2006) (Fig. 1.7). 
HCN channels are named by their unusual gating properties, because they are 
activated by membrane hyperpolarization. Furthermore, their activation is facilitated 
by cyclic-nucleotides such as cAMP and cGMP (Banks et al., 1993; DiFrancesco and 
Tortora, 1991; Tokimasa and Akasu, 1990; Wainger et al., 2001). In general, these 
channels open with hyperpolarizing steps to potentials more negative than 
approximately -50 mV. The individual activation threshold depends on the specific 
cell type and HCN channel subunit composition. Opening of these channels lead to 
the Ih current, which consists of two different kinetic components: a fast activating 
(a few milliseconds) minor instantaneous current and a slow activating (up to 
seconds) steady-state current (Biel et al., 2009; Ishii et al., 1999; Ludwig et al., 1998, 
1999; Santoro et al., 1998; Seifert et al., 1999; Wahl-Schott and Biel, 2009). 
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Fig. 1.7: Structure of HCN channels (two subunits are shown). HCN channels consist of four 
subunits each containing six transmembrane domains (S1-S6). The S4 domain is positively charged 
and functions as voltage sensor. The pore is located between the S5 and S6 domain (shown in red). 
HCN channels possess a short N-terminus and a large C-terminus containing the C-linker (shown in 
green) and the cyclic-nucleotide binding domain (CNBD, shown in blue).  
(from Craven and Zagotta, 2006) 
 
The HCN channel pore is permeable for both sodium and potassium with a 
permeability ratio of 1:3 to 1:5 resulting in a reversal potential of -25 mV to -40 mV 
(Bader and Bertrand, 1984; Banks et al., 1993; Bayliss et al., 1994; Crepel and Penit-
Soria, 1986; DiFrancesco, 1981a; Kamondi and Reiner, 1991; McCormick and Pape, 
1990). Thus, under physiological resting conditions, Ih is an inwardly directed cationic 
current, which depolarizes the plasma membrane. In addition, it was recently shown 
that heterologously expressed HCN2 and HCN4 channels as well as HCN channels 
in DRG neurons and cardiac myocytes have a small, but significant calcium 
permeability (Yu et al., 2005, 2007). 
HCN channels exhibit a typical pharmacological profile: Like inward-rectifier 
potassium (Kir) channels (Deal et al., 1996; DiFrancesco, 1995; Hibino et al., 2010; 
Ransom and Sontheimer, 1995), which are activated at similar potentials, HCN 
channels are inhibited by millimolar cesium concentrations (DiFrancesco, 1982; Fain 
et al., 1978; Ludwig et al., 1998). However, unlike Kir channels, they are insensitive to 
barium and tetraethylammonium (Ludwig et al., 1998). Recently, several specific 
organic HCN channel blockers were reported. Among those, ZD-7288 is mostly used 
for experimental purposes. Because it acts on the intracellular channel site, it needs 
22 
 
a prolonged preincubation and is not completely reversible (BoSmith et al., 1993; 
Dibattista et al., 2008; Gasparini and DiFrancesco, 1997; Satoh and Yamada, 2000; 
Shin et al., 2001). 
HCN channels are widely expressed in several different tissues including the VNO 
(Dibattista et al., 2008). They are involved in diverse physiological functions. One key 
role of HCN channels is the control of rhythmic activity in cardiac pacemaker cells, 
where the Ih current was first described in the late 1970s (Brown et al., 1977, 1979; 
DiFrancesco, 1981a, 1981b; Yanagihara and Irisawa, 1980). Furthermore, HCN 
channels also mediate rhythmic activity such as oscillatory behavior in neuronal 
tissues (Bal and McCormick, 1997; Cunningham et al., 2003; Fisahn et al., 2002; 
Hu et al., 2002; Maccaferri and McBain, 1996). In addition, HCN channels contribute 
to dendritic integration, synaptic transmission and learning (Biel et al., 2009). 
Furthermore, HCN channels are considerable determinants of the resting membrane 
potential and thus, important in regulating neuronal excitability (Day et al., 2005; 
Doan and Kunze, 1999; Lupica et al., 2001; Meuth et al., 2006). 
In addition to their modulation by cyclic nucleotides, HCN channels are tightly 
regulated by diverse physiological factors from the intracellular as well as the 
extracellular site. One major group of regulators are interacting proteins. Different 
groups reported that HCN channel function could be modulated by src kinase-
mediated tyrosine phosphorylation at the C-linker of the C-terminus (Wu and Cohen, 
1997; Zong et al., 2005). Furthermore, interaction of HCN channels with different 
transmembrane proteins (e.g., MIRP1, KCR1) (Decher et al., 2003; Michels et al., 
2008; Qu et al., 2004; Yu et al., 2001) or cytosolic scaffold proteins (e.g., TRIP8b, 
tamalin) (Kimura et al., 2004; Santoro et al., 2004) was described. In addition to this 
regulation by proteins, HCN channels are modulated by acidic lipids like PIP2 (Pian et 
al., 2006; Zolles et al., 2006) as well as low molecular factors such as chloride (Frace 
et al., 1992; Wahl-Schott et al., 2005) and protons.  
Protons interact with HCN channels from both the intra- and extracellular site. 
Intracellular acidification shifts the voltage dependence of channel activation in the 
hyperpolarized direction and decelerates channel opening (Munsch and Pape, 1999; 
Zong et al., 2001). By heterologous expression of different HCN2 mutants, an 
intracellular protonable histidine residue was identified to mediate intracellular pH 
sensitivity (Zong et al., 2001).  
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HCN channels are also modulated by extracellular protons. External acidification 
activates HCN channels in a subset of rat taste cells (Stevens et al., 2001). These 
findings were confirmed by heterologous expression of HCN1 and HCN4, the two 
isoforms found in taste cells. Extracellular acidification shifts the voltage dependence 
of channel activation into the positive direction and accelerates channel opening 
(Stevens et al., 2001). This is consistent with a study describing a positive shift of 
HCN channel activation by external protons in rod photoreceptors from tiger 
salamander (Malcolm et al., 2003). Until today, the structural determinants 
responsible for sensitivity of HCN channels to extracellular protons have not been 
described.  
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1.4.  Aims 
For the majority of vertebrates, the olfactory system plays a crucial role in mediating 
diverse behaviors like mate recognition and choice, food finding and predator 
avoidance. To meet the challenge of detecting myriads of different chemical 
compounds of immense structural diversity, the olfactory system has evolved as a 
complex structure organized into several subsystems. Among those, the VNO plays 
an important role in detection of semiochemicals and other social cues. Although, the 
VNO is indispensable for chemosensory communication, many of the basic 
mechanisms that control VNO physiology remain largely unknown. Therefore, the 
overall aim of my thesis is to gain a deeper understanding of the physiological 
mechanisms underlying vomeronasal chemosensory signaling. Specifically, my 
research focuses on a potential proton-dependent chemosignaling mechanism in the 
mouse VNO. 
Urine is probably the best described source of semiochemicals in mammals. Recent 
studies emphasized a critical role of urinary peptides and proteins in conspecific 
chemosensory communication. Accordingly, previous research has almost 
exclusively addressed the macromolecular composition of urinary secretions, largely 
neglecting a potential intrinsically instructive signaling function of the fluid itself.  
Therefore, I aim to systematically examine whether the ionic constituents in urine - 
specifically protons - act as a determinant of vomeronasal chemosensory signaling. 
To address this crucial question, I will first investigate urinary pH differences in mice 
that will be classified according to factors that affect vomeronasal chemosignaling 
such as gender, sexual experience or estrus cycle stage. Next, I plan to examine if 
VSNs are sensitive to pH changes in their environment. Using whole-cell patch-clamp 
recordings from optically identified VSNs in acute tissue slices, I will characterize 
potential proton-induced responses in detail, focusing on biophysical and biochemical 
characteristics to derive information on response dose-dependency, kinetics, 
frequency of occurrence, and pharmacological profile. These experiments will be 
designed to ultimately identify and characterize the ion channel(s) and / or receptor(s) 
that mediate possible proton-induced responses in the VNO. Together, the research 
outlined in the present thesis will provide new insights into the basic mechanisms 
underlying VNO physiology and chemosensory communication. 
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2. Material and Methods 
2.1.  Equipment 
Amplifier EPC-10      HEKA Elektronik 
Binocular eyepiece S4E     Leica microsystems 
Centrifuge mini spin     Eppendorf AG 
Hot plate magnetic stirrer     Snijders  
Microforge MF-830       Narishige 
Micromanipulator  
Luigs-Neumann Device SM-5    Luigs & Neumann 
Micropipette puller 
PC-10 vertical two-step puller     Narishige 
Microscope Leica DM LFSA     Leica Microsystems 
Noise eliminator 50/60 Hz (HumBug)   Quest Scientific 
Objectives       Leica Microsystems 
- 5x (N PLAN 5x/0.12)     
- 10x (HC PL FL 10x/0.30 PH1) 
- 63x (HCX APO L U-V-I  63x/0.90)   
Oscilloscope  TDS 1001B     Tektronik    
Osmometer osmomat 030     Gonotec 
Perfusion system 8-in-1     AutoMate Scientific 
pH Meter five easy      Mettler Toledo 
pH electrode InLab routine     Mettler Toledo 
(for solutions) 
pH electrode InLab ultra micro    Mettler Toledo 
(for mouse urine) 
Recording chamber Slice mini chamber   Luigs & Neumann 
Trigger interface TIB-14 S     Heka Elektronik 
Vibratome VT 1000 S     Leica Microsystems 
Water bath       Memmert 
 
2.2.  Consumables 
Borosilicate glass capillaries with  
filament and firepolished ends 
(1.50 mm OD / 0.86 mm ID)     Science Products 
Cell culture dishes (35 x 10 mm)    Falcon 
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Cell culture dishes (145 x 20 mm)   Falcon 
Eppendorf tubes      Sarstedt 
Filter IC Acrodisc 13 mm syringe filter  
with 0.2 µM Supor (PES) membrane 
(for intracellular solutions)     Life Sciences 
Filter Filtropur S 0.2 
(for extracellular solutions)    Sarstedt 
Glass microscope slides 
ground edges frosted     VWR 
Gloves gentle skin sensitive    Meditrade 
Pasteur pipets fine tip (inner diameter 1mm)   
(for vaginal smears)     VWR 
Pasteur pipets  
disposable graduated transfer pipets   VWR 
pH-indicator strips pH 5.2 – 7.2    Merck 
pH-indicator paper pH 6.4 – 8    Merck 
pH meter calibration solutions     Waldeck 
Syringe BD plastipak     Becton Dickinson Gmbh 
Tubes        Sarstedt 
 
2.3.  Chemicals and inhibitors 
Agarose (low melt)      PeqLab 
ATP (Mg-ATP)      Sigma Aldrich 
Amiloride hydrochloride     Sigma Aldrich 
Bis(2-hydroxyethyl)-2-aminoethanesulfonic    
Acid (BES)       Sigma Aldrich 
Calcium chloride      Sigma Aldrich 
Capsaicin       Sigma Aldrich 
Capsazepine      Sigma Aldrich 
Cesium chloride      Sigma Aldrich 
Dimethyl sulfoxide (DMSO)    Sigma Aldrich 
Ethanol       VWR/ Merck 
Ethylene glycol-bis(2-aminoethylether)- 
N,N,N′,N′-tetraacetic acid (EGTA)   Sigma Aldrich 
Glucose       Sigma Aldrich 
27 
 
GTP (Na-GTP)      Sigma Aldrich 
Hydrochloric acid      AppliChem 
(2-hydroxyethyl)-1-piperazineethanesulfonic  
acid (HEPES)      AppliChem 
Magnesium chloride     Sigma Aldrich 
Methanol       AppliChem 
Methylene blue       Sigma Aldrich 
2-(N-Morpholino)ethanesulfonic acid     
hydrate (MES)      Sigma Aldrich 
N-Methyl-D-glucamine (NMDG)    Sigma Aldrich 
Potassium chloride      Sigma Aldrich 
Potassium hydroxide     Sigma Aldrich  
SB-366791       Enzo Life Sciences 
Sodium chloride      Sigma Aldrich 
Sodium hydrogen carbonate    Sigma Aldrich 
Sodium hydroxide      AppliChem 
ZD-7288       Abcam 
 
 
2.4.  Solutions 
(1) Regular extracellular solution 
NaCl 145 mM 
KCl 5 mM 
CaCl2     1 mM 
MgCl2        1 mM 
HEPES 10 mM 
pH 7.3 (adjusted with NaOH/HCl) 
Osmolarity 300 mOsm (adjusted with Glucose) 
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(2) Oxygenated (95% O2 / 5% CO2) extracellular solution 
NaHCO3 120 mM 
NaCl 25 mM 
KCl 5 mM 
CaCl2    1 mM 
MgSO4        1 mM 
BES 5 mM 
pH 7.3 (adjusted by oxygenation) 
Osmolarity 300 mOsm (adjusted with Glucose) 
 
(3) Extracellular solution with EK+ = -70 mV 
NaCl 141 mM 
KCl 9 mM 
CaCl2     1 mM 
MgCl2        1 mM 
HEPES 10 mM 
pH 7.3 (adjusted with NaOH/HCl) 
Osmolarity 300 mOsm (adjusted with Glucose) 
 
 
(4) ‘Cation-free’ extracellular solution with EK+ = -70 mV 
NMDG 141 mM 
HCl 141 mM 
KCl 9 mM 
EGTA    10 mM 
HEPES 10 mM 
pH 7.3 (adjusted with NMDG/HCl) 
Osmolarity 300 mOsm (adjusted with Glucose) 
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(5) Sodium-free extracellular solution 
NMDG 141 mM 
HCl 141 mM 
KCl 9 mM 
CaCl2     1 mM 
MgCl2        1 mM 
HEPES 10 mM 
pH 7.3 (adjusted with NMDG/HCl) 
Osmolarity 300 mOsm (adjusted with Glucose) 
 
(6) Calcium-free extracellular solution 
NaCl 145 mM 
KCl 5 mM 
EGTA    5 mM 
MgCl2        1.25 mM (= 1mM free Mg) 
HEPES 10 mM 
pH 7.3 (adjusted with NaOH/HCl) 
Osmolarity 300 mOsm (adjusted with Glucose) 
 
(7) Acidic extracellular solution with different pH 
All acidic extracellular solutions were composed of the same ions as extracellular 
solutions with physiological pH. For acidic solutions with a pH ≤ 6, MES was used as 
buffer instead of HEPES. The pH of acidic solutions was adjusted with same acids / 
bases as described for extracellular solutions with physiological pH. 
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(8) Intracellular solution 
KCl 143 mM 
KOH 2 mM 
CaCl2     0.3 mM (= 110 nM free Ca2+) 
EGTA      1 mM 
HEPES 10 mM 
Mg-ATP 2 mM 
Na-GTP 1 mM 
pH 7.1 (adjusted with KOH/HCl) 
Osmolarity 290 mOsm (adjusted with Glucose) 
 
Free Ca2+ and Mg2+ concentrations were calculated using WEBMAXC STANDARD 
(available at www.stanford.edu/~cpatton/maxc.html). 
 
2.5.  Software  
Corel draw 16.2    Corel Corporation    
Excel      Microsoft 
Fitmaster 2.67    Heka Elektronik 
Igor 6.3     Wavemetrics 
JPCalcW     Barry, 1994 
Leica LAS     Leica Microsystems 
Metamorph MMAF 1.8   Leica microsytems 
Patchmaster 2.67    Heka Elektronik 
 
2.6.  Animals 
All animal procedures were in compliance with local and European Union legislation 
on the protection of animals used for experimental purposes (Directive 86/609/EEC) 
and with recommendations put forward by the Federation of European Laboratory 
Animal Science Associations (FELASA). C57BL/6 (Charles River Laboratories, 
Sulzfeld, Germany) or mutant mice deficient for the gene encoding the TRPC2 
channel (TRPC2-/- mice, kindly provided by Drs. Trese Leinders-Zufall and Frank 
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Zufall, University of Saarland, Homburg) were housed in groups of both sexes at 
room temperature on a 12 h light/dark cycle with food and water available ad libitum. 
If not stated otherwise, experimental procedures used young adults of either sex. We 
did not observe obvious gender-dependent differences in electrophysiological 
recordings.  
 
2.7.  Preparation of acute vibratome slices of the VNO  
Mice were sacrificed by brief exposure to CO2 followed by decapitation using sharp 
surgical scissors. The lower jaw and the soft palate were removed allowing access to 
the vomeronasal capsule. After removal of the cartilage, the dissected VNO was 
embedded in 4% low-gelling temperature agarose and coronal slices (250 – 300 µM) 
were cut in ice-cold oxygenated extracellular solution via a vibratome (VT1000S; 
speed: 3.5 a.u. = 0.15 mm/s; frequency: 7.5 a.u. = 75 Hz; amplitude: 0.6 mm). The 
acute slices (Fig. 2.1) were transferred to a submerged, oxygenated and chilled 
storage chamber until use. 
       
 
2.8.  Determination of the estrus cycle stage in mice using vaginal smear 
cytology 
The estrus cycle in mice is divided into four stages: Proestrus (pre-ovulationary 
period), estrus (ovulation), metestrus (post-ovulationary period) and diestrus (periods 
Fig. 2.1: Acute coronal tissue slice of 
the VNO (300 µM). The VNO consists 
of a sensory epithelium harboring 
VSNs, a non-sensory epithelium with a 
large blood vessel and a lumen. S: 
Sensory epithelium, L: lumen, BV: 
blood vessel 
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between two ovulations). The estrus cycle repeats every 4 to 6 days unless it is 
interrupted by pregnancy, pseudopregnany or anestrus (Allen, 1922; Bronson et al., 
1966; Byers et al., 2012; Caligioni, 2009; Nelson et al., 1982). 
In different estrus cycle stages diverse changes occur in the animal’s physiology and 
anatomy, which allow cycle stage determination. To analyze cycle stage, different 
methods were developed including evaluation of vaginal cytology (Allen, 1922; 
Bronson et al., 1966; Byers et al., 2012; Caligioni, 2009; Nelson et al., 1982), visual 
observation of external genitalia (Champlin et al., 1973), measurement of electrical 
resistance in the vagina (Ramos et al., 2001) and biochemical analysis of urine 
(Achiraman et al., 2011). Among those, vaginal smear cytology is the most accurate 
method for identifying all stages.  
 
2.8.1.  Description of cell type proportion and appearance in different estrus 
cycle stages 
The vaginal smear cytology method determines the estrus cycle stages in 
accordance to the proportion of three cells types observed in the vaginal smear: 
nucleated epithelial cells, cornified epithelial cells and leucocytes. In different estrus 
cycle stages, the percentage as well as morphological appearance of these cell types 
changes. These parameters are, therefore, a powerful tool to determine the estrus 
cycle stage (Fig. 2.2). 
   
Fig. 2.2: Estrus cycle stage 
identification tool. During different 
estrus cycle stages, the percentage 
of three different cell types 
(nucleated epithelial cells, cornified 
epithelial cells, leucocytes) in vaginal 
smear changes. Therefore, the 
proportion of these cell types can be 
used to determine estrus cycle 
stage. The identification tool shows 
the four different estrus cycle stages 
and the corresponding percentage of 
different cell types. Black lines mark 
borders between different stages. 
The quadrant sizes correspond to 
approximate stage lengths. The 
whole estrus cycle lasts for 4-6 days. 
(From Byers et al., 2012) 
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Proestrus 
In proestrus, most cells are nucleated epithelial cells, which frequently appear in 
clusters. These cells have a visible nucleus and are mostly well-shaped. The 
cytoplasm is clear and free from vacuoles (Fig. 2.3). In late proestrus, some cornified 
cells may also appear. In early proestrus, a few leucocytes may be present. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Estrus 
In this stage, only cornified epithelial cells are present, which often appear in clusters. 
These cells have no visible nucleus and a granular (cornified) cytoplasm. The shape 
is irregular and squamous (Fig. 2.4). 
 
 
Fig. 2.3: Representative 
phase-contrast image of a 
vaginal smear taken from 
a female mouse in 
proestrus. In this estrus 
cycle stage, nucleated 
epithelial cells are 
dominant. These cells have 
a visible nucleus and a 
clear cytoplasm. The cell 
shape is regular. The smear 
was stained with methylene 
blue. Bar denotes 100 µM. 
 
Fig. 2.4: Representative 
phase-contrast image of a 
vaginal smear taken from 
a female mouse in estrus. 
In this estrus cycle stage, 
only cornified epithelial cells 
are found. These cells have 
no visible nucleus and 
granular cytoplasm. The 
cell shape is irregular. Bar 
denotes 100 µM. 
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Metestrus 
In metestrus, all three different cell types (leucocytes, cornified epithelial cells, 
nucleated epithelial cells) are found in similar proportions. In contrast to proestrus, 
nucleated epithelial cells are often irregularly shaped and cytoplasm is vacuolated 
(Fig. 2.5). 
 
 
 
Diestrus 
This stage is characterized by a predominance of leucocytes. These cells are much 
smaller than epithelial cells and are almost round (Fig. 2.6). In addition, a few 
epithelial cells may be present. 
 
 
Fig. 2.5: Representative 
phase-contrast image of a 
vaginal smear taken from 
a female mouse in 
metestrus. In this estrus 
cycle stage, cornified 
epithelial cells, nucleated 
epithelial cells and 
leucocytes are present in 
similar proportion. Bar 
denotes 100 µM. 
 
 
Fig. 2.6: Representative 
phase-contrast image of a 
vaginal smear taken from 
a female mouse in 
diestrus. In this estrus 
cycle stage, mostly 
leucocytes are found. Bar 
denotes 100 µM. 
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2.8.2.  Collection and analysis of vaginal smears 
To collect vaginal smears, the mouse is fixed with one hand. To do this, the mouse is 
placed on cage grid and slightly lifted by the tail base with the strong hand. The loose 
skin of back and neck is grasped with thumb and forefinger of the opposite hand. 
Then, the mouse is inverted to rest in the hand palm. To completely restrain the 
mouse, the tail is placed between fourth and fifth finger (Fig. 2.7).  
 
        
 
Fig. 2.7: Procedure to fix a mouse with one hand. A, The mouse is slightly lifted by the tailbase with 
the strong hand. The opposite hand grasps the loose skin of back and neck. B, The mouse is inverted 
and rests in the palm of the opposite hand. The tail is placed between fourth and fifth finger to 
completely restrain the mouse. 
 
 
Doing so, the mouse is fixed with the opposite hand and the strong hand could be 
used to collect vaginal smear. To do this, a fine tip plastic pipette (tip diameter 1 mm) 
is filled with approximately 10 µl regular extracellular solution. The pipette tip is 
placed into the vagina and the vagina is gently flushed a few times with extracellular 
solution (Fig. 2.8). The tip is only inserted a few millimeters to avoid pseudo 
pregnancy induction. The final flush is collected and placed on a glass slide. The wet 
vaginal smear is then immediately analyzed using a phase-contrast light microscope.  
 
   
A B 
Fig. 2.8: Vaginal smear collection. 
The mouse is fixed with the opposite 
hand. The strong hand is used to 
collect vaginal smear by gently flushing 
the vagina with regular extracellular 
solution. 
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2.8.3.  Methylene blue staining of vaginal smears 
Wet vaginal smears can also be analyzed under a light microscope without contrast 
methods. Here, vaginal smears have to be stained e.g. with methylene blue (Fig. 2.9) 
(Omar et al., 2007). Methylene blue stains nuclei strongly and the cytoplasm weakly. 
For staining, dried smears are fixed by dipping them 3 to 5 times in 70 % ethanol. 
After fixation, a few microliter 0.5 % aqueous methylene blue solution were placed on 
smears for 3 minutes. Smears were then washed in tap water and analyzed under a 
light microscope. 
 
    
 
Fig. 2.9: Comparison of a vaginal smear analyzed by two different methods. A, Unstained wet 
vaginal smear examined by a phase contrast microscope. B, Same vaginal smear stained with 
methylene blue and analyzed by a conventional light microscope without contrast method. Bars 
denote 25 µM. 
 
2.9.  Electrophysiology 
2.9.1.  The patch-clamp technique 
The patch-clamp technique is a physiological method for measurements of ion 
currents across biological membranes and recordings of cellular membrane 
potentials. Therefore, it is used to analyze ion channels in cellular membranes. This 
technique was developed by Erwin Neher and Bert Sakman between 1973 and 1976 
(Hamill et al., 1981; Neher and Sakmann, 1976) and is an advancement of the 
conventional voltage-clamp technique. 
The main principal of the patch-clamp technique is based on a tight connection 
between recording electrode and cellular membrane. Because of the very high 
electrical resistance, this connection enables measurements of ion currents across 
A B 
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the whole membrane, single channel recordings or analysis of cellular membrane 
potentials depending on recoding mode and configuration. To achieve such tight 
connection a fire-polished electrolyte-filled glass pipette with small tip diameter 
(1-2 µM) is positioned in front of the cell membrane. Slight positive pressure is used 
to avoid clogging of the fine tip. When the pipette is close enough to the membrane, 
which is determined by membrane inversion or pipette resistance increase, 
overpressure is terminated. This leads to a movement of the membrane to the patch 
pipette. If movement is strong enough, a tight connection (‘seal’) between membrane 
and patch pipette is established. This ‘seal’ is characterized by high electrical 
resistance in the range of 109 Ohm and is, therefore, termed ‘gigaseal’. If the 
connection is not tight enough, slight negative pressure can force the process. After 
gigaseal formation, recording mode is termed ‘on-cell’ or ‘cell-attached’ configuration 
(Fig. 2.10). 
From ‘cell-attached’ configuration, other recording modes can be established. To 
achieve ‘whole-cell’ configuration, the membrane patch under the pipette is ruptured 
by a slight suction pulse. In this configuration, there is direct access to the cell 
cytoplasm, which enables measurement of whole-cell electrical events (Fig. 2.10). 
After establishing whole-cell configuration, fast pipette retraction leads to membrane 
rupture. The resulting small membrane piece then covers the pipette tip with the 
outside of membrane directed to extracellular solution. This recording conformation is 
termed ‘outside-out’ configuration and enables conductance measurements through 
single or a few ion channels (Fig. 2.10). 
Fast pipette retraction in ‘cell-attached’ configuration establishes another recording 
mode. Because in cell-attached mode there is no direct access to cell cytoplasm 
pipette retraction leads to formation of a small membrane vesicle, which is attached 
to the pipette. If this vesicle is exposed to air, it breaks leaving a membrane patch 
with the intracellular site directed to extracellular solution and is, thus, termed 
‘inside-out’ configuration. This recording conformation enables measurement of 
single or a few ion channels. However, in contrast to outside-out configuration, it is 
possible to apply different stimuli to the intracellular membrane site (Fig. 2.10). 
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Fig. 2.10: Schematic figure describing different recording configurations of the patch-clamp 
technique. The patch pipette tip and a part of the cellular membrane are shown. (Adapted from Hamill 
et al., 1981) 
 
 
To measure electrical events of cellular membranes a patch-clamp amplifier is used. 
This device is build of two principal components: A preamplifier (‘headstage’), which 
includes the recording electrode and is used for measurements of ion currents as 
well as membrane potentials, and a main device with the central processing unit.  
The main principle for recording and analysis of specific ion currents across 
membranes is maintenance of a determined membrane potential. Without this 
‘clamping’ of the membrane potential, underlying receptor currents would lead to 
membrane depolarization and, in neurons, action potentials. To avoid this, the patch-
clamp amplifier injects current of similar amplitude, which is inverted compared to the 
receptor current. The current amplitude is calculated by comparison between the 
predetermined membrane potential and the membrane potential, which is currently 
measured.  
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2.9.2.  Electrophysiological recordings from vomeronasal sensory neurons in 
acute tissue slices 
For electrophysiological recordings, VNO slices are transferred to a recording 
chamber (Fig. 2.11 A) and anchored with stainless steel wires with 0.1 mm thick lycra 
threads. Cells are continuously superfused with fresh oxygenated extracellular 
solution. To visualize cells, an upright fixed-stage light microscope with infrared-
optimized differential interference contrast (DIC) optics (Leica DM LSFA) is used 
(Fig. 2.12 B) containing following objectives: 5x (N PLAN 5x/0.12), 10x (HC PL FL 
10x/0.30 PH1) and 63x (HCX APO L U-V-I 63x/0.90). The microscope is equipped 
with a CCD-camera (Leica DFC360FX) to monitor cells using Leica LAS MMAF 
software. 
Patch pipettes (borosilicate glass capillaries with filament and firepolished ends, 
1.50 mm OD / 0.86 mm ID) are pulled with a PC-10 vertical two-step micropipette 
puller (heat 1: 62.3 a.u.; heat 2: 48 a.u.; 2 full weights) and firepolished via MF-830 
microforge (heat: 50 a.u.). The resulting pipettes have a resistance of 4-7 MΩ. For 
cell targeting (Fig. 2.11 B) patch pipettes are filled with intracellular solution and fixed 
on a Ag/AgCl electrode connected to a EPC-10 headstage (Fig. 2.12 A). To avoid 
clogging of pipette tips, slight positive pressure is applied before dipping pipettes into 
bath solution. Cells are targeted under optical control using Luigs & Neumann 
micromanipulators. All electrophysiological data are recorded in whole-cell 
configuration. 
 
 
 
Fig. 2.11: Patch-clamp recording in acute tissue slices of the VNO. A, Low-magnification bright-
field image of a VNO slice showing positions of patch pipette as well as perfusion pencil used for 
stimulus application. B, High-magnification image of a VNO slice taken under infrared-DIC illumination. 
These visualization settings are used for direct cell targeting. BV: blood vessel, L: lumen, P: patch 
pipette, PP: perfusion pencil, S: sensory epithelium 
 
A B 
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For data acquisition an EPC-10 amplifier (Fig. 2.12 A) under control of Patchmaster 
software is used. To minimize electrical network noise, a 50/60 Hz noise eliminator is 
connected to the amplifier. During recordings, capacitances of patch pipette (Cfast) 
and cellular membrane (Cslow) are measured and automatically compensated. In 
addition, serial resistance (Rs) is recorded and used for evaluation of experimental 
quality. Only cells with stable Rs are used for analysis. Theoretical liquid junction 
potentials are calculated using JPCalcW software and automatically corrected online. 
 
 
         
 
 
 
 
 
For voltage-clamp recordings data are acquired with sampling frequencies of 
5-10 kHz depending on recording protocols. Current traces are low-pass filtered 
using two bessel filters in series. The first filter is adjusted to a filter frequency of 
10 kHz for all recordings. Filter frequency of the second filter is varied depending on 
requirement of experimental design. For recordings of proton-induced responses with 
fixed holding potential, filter frequency of 500 Hz is used to visualize small 
vomeronasal receptor currents (Kim et al., 2011). Filter frequency for current traces 
of step and ramp protocols is adjusted to 1/4 (2.5 kHz) of sampling rate (10 kHz) in 
accordance to the Nyquist theorem. For current-clamp recordings, data are acquired 
Fig. 2.12: Patch-clamp set-up for 
recordings in acute tissue slices of the 
VNO. A, Devices for electrophysiological 
recordings include an EPC-10 amplifier 
(amp.), an oscilloscope (osc.) and a TIB-14 
trigger interface (TIB). B, Image showing the 
A B 
amp. 
osc. 
TIB 
upright fixed stage light microscope (Leica DM LFSA) used for visualization of cells. The 
microscope is equipped with a CCD-camera (CCD) and peripheral experimental devices 
including amplifier headstage (probe) and perfusion system for stimulus application 
(perfusion). All components are mounted on a Luigs-Neumann device (LN) for 
micromanipulator-controlled movement. 
CCD 
probe 
perfusion 
LN 
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with sampling rates of 5 kHz. Filter rates are automatically adjusted to 1/3 - 1/5 of 
sampling rate. 
To apply different extracellular solutions and stimuli, a pressure-driven 8-in-1 
perfusion system is used (Fig. 2.12 B). Thereby, stimuli application is exactly timed 
by control of a TIB-14 S trigger interface (Fig. 2.12 A). To avoid mechanical 
stimulation, cells are continuously superfused by extracellular solution depending on 
experimental design. All measurements are done at room temperature. 
 
2.10.  Data analysis 
All electrophysiological data are analyzed offline using different software 
(Patchmaster, Fitmaster, IGOR Pro, Excel). Activation curves are analyzed using the 
Hill equation: base + (max – base) / {1 + [xhalf / x]rate }. Xhalf represents the potential of 
half maximal activation and rate the slope factor. To calculate activation time 
constants (τ) of current activation, individual current traces are fitted by a 
monoexponential function: y(x) = y0 + A exp {-(x-x0) /τ}. Correlation of two parameters 
is analyzed using a linear correlation procedure implemented in IgorPro. A significant 
correlation is assumed if the t-value and F are above their respective critical values. 
For calculation of the reversal potential data are interpolated using a line fit: y(x) = a + 
bx.  Statistical analysis is performed using a paired or unpaired t-test as dictated by 
experimental design and data distribution. As not stated otherwise data are 
represented as mean ± SEM. For figurative presentation, stimulus artefacts in all 
original recording traces are corrected and original traces of step protocols are offline 
digitally filtered with 200 - 500 Hz. 
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3. Results 
3.1.  Analysis of urinary pH in mice 
Mouse urine contains different peptides and proteins, which play a major role in 
vomeronasal signaling (Cavaggioni and Mucignat-Caretta, 2000; Chamero et al., 
2007; Cheetham et al., 2007; Leinders-Zufall et al., 2004, 2009; Logan et al., 2008). 
A critical parameter determining protein function is environmental pH (Antosiewicz et 
al., 1994; Goto et al., 1990; Yang and Honig, 1993). Therefore, we set out to 
investigate, if urinary pH influences vomeronasal chemosensory signaling.  
 
3.1.1.  Sexually experienced female mice display significantly lower urinary pH 
than inexperienced females or males 
In order to determine urinary pH in mice, we collected urine samples from individual 
mice and analyzed them using pH indicator paper. Because gender and sexual 
experience play an important role in different aspects of vomeronasal signaling, we 
divided subjects into different test groups: sexually experienced males (exp. m), 
sexually inexperienced males (inexp. m), sexually experienced females (exp. f) and 
sexually inexperienced females (inexp. f). In total, we collected 197 urine samples 
from 108 mice on three different days with every subject tested only once per day 
(exp. m: 45 samples from 16 mice, inexp. m: 14 samples from 10 different mice, 
exp. f: 72 samples from 30 mice, inexp. f: 66 samples from 52 mice).  
 
            
 
Fig. 3.1: Mean urinary pH for different test groups does not differ between sampling days. Mean 
urinary pH is calculated for sexually experienced males (exp. males), sexually inexperienced males 
(inexp. males), sexually experienced females (exp. females) and sexually inexperienced females 
(inexp. females). Urine sample numbers for the three different sampling days are indicated above 
each bar. Mean urinary pH does not significantly differ within one group. Data show mean ± SEM. p-
values are determined by one-way ANOVA. ns denotes no significance. 
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First, we calculated mean urinary pH for each group for every single sampling day 
(Fig. 3.1). For sexually experienced males mean urinary pH is 7.03 ± 0.17 (n = 14), 
6.85 ± 0.16 (n = 15) and 7.01 ± 0.19 (n = 13) for the first, second and third sampling 
day, respectively. For sexually inexperienced males we find a mean urinary pH of 
7.43 ± 0.08 (n = 4), 7.5 ± 0 (n = 4) and 7.13 ± 0.23 (n = 6). The corresponding data 
for sexually experienced females are 6.33 ± 0.17 (n = 22), 6.22 ± 0.16 (n = 22) and 
6.25 ± 0.17 (n = 28); and 7.46 ± 0.06 (n = 7), 7.45 ± 0.05 (n = 7) and 6.96 ± 0.11 
(n = 51) for sexually inexperienced females. Comparing mean urinary pH between 
the three different sampling days for each test group revealed no significant 
differences. Therefore, we pooled the data for each group (Fig. 3.2). 
 
                        
 
Fig. 3.2: Sexually experienced females display a significantly lower urinary pH compared to 
sexually inexperienced females or sexually experienced males or inexperienced males. Mean 
urinary pH is calculated for sexually experienced males (exp. males), sexually inexperienced males 
(inexp. males), sexually experienced females (exp. females) and sexually inexperienced females 
(inexp. females). Only urinary pH for sexually experienced females differs significantly from all other 
test groups. Urine sample numbers are indicated above each bar. * denotes statistical significance, p < 
0.00001. Data show mean ± SEM. p-values are determined by one-way ANOVA followed by Tukey’s 
HSD post-hoc analysis. 
 
The pooled mean urinary pH for sexually experienced and sexually inexperienced 
males are 6.96 ± 0.1 (n = 45) and 7.32 ± 0.11 (n = 14), respectively. For sexually 
experienced females, we calculate a mean urinary pH of 6.27 ± 0.1 (n = 72), while 
the corresponding value for sexually inexperienced females is 7.07 ± 0.09 (n = 66). 
Thus, urinary pH measured for sexually experienced females is significantly lower 
than for all other test groups. 
Next, we aimed to investigate urinary pH of sexually experienced females in more 
detail. To do this, we collected more urine samples from different sexually 
experienced females and analyzed each sample with a pH electrode. In total, we 
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examined 248 urine samples from 26 different sexually experienced female mice 
over a period of 10 days (Fig. 3.3).  
 
       
 
Mean urinary pH of all samples is 6.29 ± 0.05, which is essentially the same as 
calculated with pH indicator paper (6.27 ± 0.1). Surprisingly, urinary pH varies 
strongly between different samples, ranging from a minimum pH of 4.83 to a 
maximum pH of 7.91. Together, our findings show a significantly lower urinary pH for 
sexually experienced female mice than for sexually inexperienced females or males. 
In addition, we find strong variations between individual samples.  
 
3.1.2.  Urinary pH of sexually experienced female mice varies strongly between 
different days 
Multiple reasons could account for the strong urinary pH variability between individual 
samples. For example, urinary pH of one individual female could vary between 
different days. Alternatively, individual females could always display rather invariable 
pH, however, urinary pH between different females might vary dramatically. To 
investigate this, we individually analyzed urine samples of 25 sexually experienced 
females over 10 consecutive days and plotted the results against the sampling days 
(Fig. 3.4 A). In addition, minimum and maximum pH were calculated for quantification 
(Fig. 3.4 B). 
Fig. 3.3: Urinary pH of sexually experienced 
females covers a broad pH range. The pH of 
248 urine samples from sexually experienced 
females was analyzed with a pH electrode. All 
individual pH values are plotted (black points). 
Red lines mark mean ± SD. 
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All analyzed females show variations in their urinary pH between different days. In 
72  % (n = 18/25), individual urinary pH varies more than one pH unit. Minimal urinary 
pH is on average 5.51 ± 0.08 ranging from 4.83 to 6.37. Mean maximal pH is 7.16 ± 
0.13 (range: 5.58 to 7.91). In addition, the urinary pH between different individuals 
varies strongly (p < 0.00001, determined by one-way ANOVA). Together, these 
findings show that the strong urinary pH variations between individual samples are 
caused by two different parameters. First, each individual female shows strong 
urinary variations between different days. Second, also urinary pH between different 
mice varies strongly. 
To examine the time course of urinary pH variations in more detail, we analyzed the 
number of days between subsequent pH minima and / or maxima for individual 
females (Fig. 3.5).  
 
 
 
Fig. 3.4: Urinary pH of sexually experienced females varies 
strongly between different days. A, Urinary pH ‘time course’ 
for a representative female over 10 consecutive days. B, 
Minimum (min.) and maximum (max.) urinary pH for all 
analyzed females (n = 25). Individual pH range is shown in 
black. Averaged minimal and maximal urinary pH values for all 
females are shown in red. Data show mean ± SEM. * denotes 
statistical significance (p < 10-12). p-value is determined by 
paired t-test. 
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Fig. 3.5: Urinary pH time course in sexually experienced females reveals alternating extrema. A, 
Urinary pH course for one example female mouse showing two local maxima (day 3 and 9) and one 
local minimum (day 6). Therefore, the number of days between two extrema is 6. B, Exemplary urinary 
pH time course for an individual female mouse showing only one discernible maximum (day 4) and 
one minimum (day 5) during the sampling period. Thus, this mouse was excluded from further 
analysis. 
 
For 60 % (n = 15/25) of the analyzed females, at least two discernable minima and / 
or maxima are observed (Fig. 3.5 A). The remaining 10 individuals show less than 
two positive or negative extrema and were excluded from further analysis 
(Fig. 3.5 B). The averaged number of days between two minima / maxima is 4.8 ± 0.3 
days ranging from 3 to 7 days. Together, our findings show that sexually experienced 
female mice display strong urinary pH variations between different days and that 
minima and maxima of these variations occur on a periodical time scale. 
 
3.1.3.  Urinary pH variations in sexually experienced female mice are estrus 
dependent  
Next, we aimed to investigate which factors are responsible for the strong urinary pH 
variations of sexually experienced female mice. In the above experiments, we have 
shown that only sexually experienced female mice display a significantly lower 
urinary pH and that the time between two subsequent positive / negative pH extrema 
is on average 4.8 days. Given that murine estrus cycle lasts on average 4-6 days 
(Allen, 1922; Bronson et al., 1966; Byers et al., 2012; Caligioni, 2009; Nelson et al., 
1982), we hypothesized that urinary pH cold vary estrus-dependently.  
To test this hypothesis, we analyzed urinary pH and estrus cycle stage of 6 sexually 
experienced and 4 sexually inexperienced female mice on a daily basis over 30 
consecutive days. First, we calculated mean urinary pH and pH range for both test 
groups (Fig. 3.6).  
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Fig. 3.6: Urinary pH of sexually experienced and inexperienced female mice in this 
experimental set covers a broad pH range. Again, sexually experienced females display a 
significantly lower pH (p = 2.6*e-20) than sexually inexperienced females. p-value is determined by 
unpaired t-test. A, B Plot of urinary pH for all samples collected from (A) sexually experienced females 
(exp. females, n = 6 mice, n = 166 samples) or (B) sexually inexperienced females (inexp. females, 
n = 4 mice, n = 114 samples) used for vaginal smear cytology. Red bars mark mean ± SD. 
 
We find that urinary pH of both sexually experienced and inexperienced females 
shows strong variations (more than one pH unit). Again, mean urinary pH in sexually 
experienced females (6.26 ± 0.04, range: 5.07 – 7.86) is significantly lower 
(p = 2.6*e-20) than in sexually inexperienced females (6.93 ± 0.06, range: 5.69 - 8.06) 
(Fig. 3.6 A, B). 
Next, we examined a possible relationship between urinary pH and estrus cycle 
stage in both sexually experienced and sexually inexperienced female mice. The 
estrus cycle in female mice is divided into four stages: Proestrus (pre-ovulationary 
period), estrus (ovulation), metestrus (post-ovulationary period) and diestrus (period 
between two ovulations). Estrus cycle stages were determined by analyzing vaginal 
smear cytology (Allen, 1922; Bronson et al., 1966; Byers et al., 2012; Caligioni, 2009; 
Marcondes et al., 2002; Nelson et al., 1982; Omar et al., 2007). To visualize a 
possible correlation between urinary pH and estrus cycle stages both parameters are 
plotted against sampling days (Fig. 3.7).  
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Fig. 3.7: Correlation between urinary pH and estrus cycle stages in female mice. Exemplary 
urinary pH time course (shown in black) and estrus cycle stage (shown in red) for an individual 
sexually experienced female mouse. Most urinary pH minima (n = 5/7) are observed on estrus days. 
Urinary pH is normalized to its maximal value (here, measured on sampling day 11). Estrus cycle 
stages are set to arbitrary units to visualize estrus cycle course: Estrus (ovulation) is set to 0, diestrus 
(period between two ovulations) to 1 and the two intermediate stages proestrus (pre-ovulationary 
period) and metestrus (post-ovulationary period) to 0.5. 
 
 
To analyze a possible correlation between estrus cycle stage and urinary pH in 
sexually experienced and inexperienced female mice, we analyzed urinary pH for 
each estrus cycle stage (Fig. 3.8).  
 
 
 
Fig. 3.8: Compared to diestrus (period between two ovulations), urinary pH of sexually 
experienced, but not of sexually inexperienced females is significantly lower in proestrus (pre-
ovulationary period) and estrus (ovulation). A, B Mean pH of all collected urine samples from (A) 
sexually experienced females (n = 6) or (B) sexually inexperienced females (n = 4) for the different 
estrus cycle stages proestrus, estrus, metestrus and diestrus. Urine sample numbers are indicated 
above each bar. Data show mean ± SEM. * denotes statistical significance, p < 0.05. p-values are 
determined by one-way ANOVA followed by Tukey’s HSD post-hoc analysis. 
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In sexually experienced females (n = 6), mean urinary pH of samples collected in 
proestrus (n = 24) is 6.16 ± 0.1 ranging from 5.07 to 7.03. In estrus (n = 43), 
metestrus (n = 25) and diestrus (n = 57), we find mean urinary pH values of 6.11 ± 
0.07 (range: 5.41 – 7.62), 6.32 ± 0.11 (range: 5.58 – 7.4) and 6.43 ± 0.07 (range: 
5.41 ± 7.86), respectively. These experiments reveal that urinary pH in estrus 
(ovulation) is significantly lower compared with diestrus (period between two 
ovulations) (Fig. 3.8 A). 
Next, we analyzed the same parameters for sexually inexperienced females (n = 4). 
Mean urinary pH in proestrus (n = 16) is 6.92 ± 0.15 ranging from 5.77 to 7.85. For 
estrus (n = 39), metestrus (n = 16) and diestrus (n = 40) corresponding means are 
6.84 ± 0.11 (range: 5.74 – 7.94), 6.87 ± 0.16 (range: 5.69 – 7.92) and 7.07 ± 0.09 
(range: 5.71 – 8.06), respectively (Fig. 3.8 B). We find no significant urinary pH 
differences between estrus cycle stages. Together, our findings indicate estrus-
dependent urinary pH variations in sexually experienced, but not in sexually 
inexperienced female mice. Interestingly, urinary pH in sexually experienced females 
is significantly lower in estrus compared with diestrus. 
 
3.2.  Hyperpolarization-activated cyclic-nucleotide-gated channels 
mediate proton-dependent signaling in the mouse vomeronasal organ 
Until today, many of the basic mechanisms controlling VNO physiology remain 
largely unknown. In previous experiments, we have shown that mouse urine is not 
only a rich source of social chemosignals, but can also create an acidic environment 
for such cues. However, nothing is known about the influence of a stimulus source’s 
acidic pH on vomeronasal chemosignaling. Therefore, we decided to investigate the 
effect of protons on VSNs. 
 
3.2.1.  The mouse vomeronasal organ is proton-sensitive 
First, we aimed to examine if VSNs respond to protons. To do this, we performed 
whole-cell patch-clamp recordings on optically identified VSNs in acute tissue slices 
of the VNO. To investigate if VSNs respond to protons, we initially applied an acidic 
solution of pH 4 as stimulus (Fig. 3.9). 
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We find that VSNs are proton-sensitive. Stimulation with pH 4 induces currents as 
well as membrane depolarization and action potential firing. Analysis of the proton-
induced events revealed two different response types. On the one hand, we detect 
sustained acid-induced responses (Fig. 3.9 A, B). These responses are abundantly 
observed in VSNs and are analyzed in detail in the following sections. On the other 
hand, we find a second type of proton-induced responses, which show transient 
kinetics (Fig. 3.9 C – E). These transient events are observed in a subset of VSNs 
(26 %, n = 27/103). By analyzing mean amplitudes of the transient currents, we 
divide the cells into two subpopulations. Most cells (n = 22/27) belong to the first 
subpopulation showing transient currents smaller than 10 pA with a mean current 
amplitude of 3.97 ± 0.43 pA ranging from 1.26 pA to 9.42 pA (Fig. 3.9 C). The second 
subpopulation (n = 6/27) has a mean current amplitude of 39.01 ± 11.61 pA (range: 
12.07 to 90.02 pA) (Fig. 3.9 E). Together, these findings show that the mouse VNO is 
proton-sensitive and that protons induce two different response types in VSNs. 
Fig. 3.9: Protons induce sustained and 
transient responses in VSNs. A, 
Representative recording of a sustained 
proton-induced current without a transient 
component. B, Original trace showing a 
sustained proton-induced membrane 
depolarization. In this VSN, protons did not 
induce a transient response. C, 
Representative recording of a proton-
induced current showing a small transient 
response component at the beginning of 
stimulus application followed by a sustained 
current. D, Current-clamp measurement of 
the same cell recorded in C. Protons elicit a 
transient membrane depolarization and 
action potential firing at the beginning of 
stimulus application as well as a sustained 
component. E, Left: Representative trace of 
a VSN responding with a large transient 
current and a sustained current to proton 
application. Right: Higher magnification of 
the transient component shows action 
potentials riding on top of the current. 
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3.2.2.  Acidic solutions of different pH dose-dependently induce responses in 
vomeronasal sensory neurons 
Next, we aimed to investigate if the vomeronasal proton-induced responses are 
dose-dependent. To do this, we applied acidic solutions of different pH (pH 6.5, pH 6, 
pH 5.5, pH 5, pH 4.5, pH 4) to the same neuron using an interstimulus interval (ISI) of 
at least 30 s. We analyzed both proton-induced currents and membrane 
depolarizations (Fig. 3.10).      
 
 
 
Fig. 3.10: Acidic solutions of different pH dose-dependently induce inward currents and elicit 
robust membrane depolarizations as well as action potential firing. A, Representative voltage-
clamp recording of a VSN responding to application of different acidic solutions in a dose-dependent 
manner. B, Original trace recorded from the same VSN as in A showing a proton-induced dose-
dependent membrane depolarization and action potential firing. All stimuli are applied for 10 s with an 
ISI of at least 30 s. 
 
All neurons (n = 12) are activated by the different acidic solutions and respond in a 
dose-dependent manner. For quantification, we calculated mean proton-induced 
currents and membrane depolarizations, respectively, and plotted them against the 
pH values of the acidic stimulus solutions (Fig. 3.11). 
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Fig. 3.11: Dose-response curves of proton-induced responses in VSNs. A Relationship between 
proton-induced currents and pH of acidic solutions (n = 12). B, Relationship between proton-induced 
membrane depolarizations and pH of acidic solutions (n = 12). Data are not fitted, because no 
saturation is observed. Data show mean ± SEM. 
 
The mean current amplitude induced by pH 6.5 is 0.51 ± 0.16 pA. Corresponding 
values for pH 6, pH 5.5, pH 5, pH 4.5 and pH 4 are 0.76 pA ± 0.16 pA, 1.33 ± 0.31, 
2.45 ± 0.42 pA, 6.8 ± 1.06 and 10.22 ± 1.44 pA, respectively. The same acidic 
solutions elicit mean membrane depolarizations of 4.37 ± 0.7 mV, 7.37 ± 1.04 mV, 
10.32 ± 1.11 mV, 16.41 ± 1.69 mV, 31.23 ± 3.79 mV and 37.72 ± 4.22 mV, 
respectively.  
Comparing current and depolarization amplitudes, we found that very small currents 
(e.g. 0.76 pA at pH 6) elicit robust membrane depolarizations (e.g. 7.37 mV at pH 6) 
and action potential firing. Therefore, we used pH 6 for further current-clamp 
recordings. For voltage-clamp recordings, however, we decided to use pH 4 to elicit 
larger currents better suited for quantitative analysis.  
We next asked, if all VSNs or only a specific subpopulation is proton-sensitive. In 
addition, we aimed to determine the threshold proton concentration inducing currents 
or membrane depolarizations. To address these questions, we again applied different 
acidic solutions and calculated the percentage of responding cells in both voltage-
clamp and current-clamp mode, respectively (Fig. 3.12). Compared to previous dose-
response experiments, we included two additional test solutions with lower proton-
concentrations (pH 6.75 and pH 7).  
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Fig. 3.12: Protons act as general VSN activator. A, B Percentage of cells responding to different 
acidic solutions in current-clamp (A) or voltage-clamp (B) recordings. In both recording modes, all 
tested VSNs are activated by the most acidic solutions indicating no specific proton-sensitive VSN 
subpopulation. With decreasing proton concentrations also the number of responding cells decreases. 
The apparent threshold proton concentration still activating VSNs is < pH 6.5. Numbers of tested cells 
are indicated above each bar. nd denotes not determined. 
 
We find that all tested VSNs (n ≥ 12) respond to strongly acidic solutions (pH 4 or 
4.5). This suggests the lack of a specific proton-sensitive VSN subpopulation. 
Application of lower proton concentrations decreases the number of responsive cells 
resulting in 93 % responsive cells (n = 14) at pH 5, 92 % (n = 13) at pH 5.5, 88 % 
(n = 24) at pH 6, and 50 % (n = 10) at pH 6.5. pH values of 6.75 (n = 11) as well as at 
pH 7 (n = 10) did not mediate detectable membrane depolarizations. 
By analyzing the number of responsive cells in the voltage-clamp mode, we find 75 % 
(n = 12) responsive cells at pH 5, 38 % (n = 13) at pH 5.5, 31 % (n = 13) at pH 6 and 
21 % (n = 14) at pH 6.5. The number of responsive cells at pH 6.75 and pH 7 is not 
determined, because in current-clamp recordings no responding cells were observed.  
With this protocol, we also determine a minimal proton concentration of pH 6.5 
necessary to activate VSNs (Fig. 3.12 A, B). Together, our results show that VSNs 
are activated by protons. We describe that acidic solutions dose-dependently induce 
inward currents and elicit robust depolarizations as well as action potential firing with 
a threshold pH of 6.5. Furthermore, we show that acidic solutions act as general 
activator of VSNs. 
 
3.2.3.  The vomeronasal proton-induced responses show sustained, non-
desensitizing kinetics and activate slowly 
Next, we aimed to characterize the kinetics of vomeronasal proton-induced 
responses. First, we investigated a possible desensitization of the responses. We 
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started with a prolonged application (10 s) of acidic stimuli (pH 6 and 4 in current-
clamp, pH 4 in voltage-clamp) to examine if responses desensitize during sustained 
stimulation (Fig. 3.13). 
 
 
 
Fig. 3.13: Vomeronasal proton-induced responses show non-desensitizing kinetics. A, 
Representative current-clamp traces of two VSNs stimulated with pH 6 (left) or pH 4 (right) for 10 s. 
Both cells respond with a non-desensitizing membrane depolarization and action potential firing. This 
non-desensitizing kinetics are observed in all tested cells (n = 9 for pH 6, n = 25 for pH 4) B, 
Representative voltage-clamp recording (holding potential = -70 mV) of a proton-induced current 
showing non-desensitizing kinetics. Similar kinetics are observed in all tested cells (n = 58). 
 
In both recording modes, acidic stimuli elicit non-desensitizing responses (current-
clamp: n = 9 for pH 6, n = 25 for pH 4; voltage-clamp: n = 58)).  
Next, we aimed to examine if responses desensitize upon repeated applications. To 
test this, we designed a protocol with nine repetitive applications of acidic stimuli 
(pH 6 in current-clamp, pH 4 in voltage-clamp). We tested two different interstimulus 
intervals (~30 s and ~120 s) to investigate if the responses show different 
desensitizing kinetics using brief or prolonged intervals (Fig. 3.14) 
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Fig. 3.14: Repetitive stimulations with acidic solutions induce non-desensitizing responses. A, 
Representative current-clamp trace of a VSN stimulated nine times with pH 6. The cell responds with a 
non-desensitizing membrane depolarization and action potential firing to each stimulation. B, 
Quantification (n ≥ 9) of proton-induced membrane depolarizations induced by repeated stimulation. 
No significant desensitization is observed. C, Representative voltage-clamp recording (holding 
potential = -70 mV) of a VSN responding with non-desensitizing currents to nine repeated stimulations. 
D, Quantification (n = 11) of currents induced by repeated proton stimulation. The cells show no 
significant desensitization. In B and D, response amplitudes are normalized to the first signal. Two 
different ISIs are used as indicated above bars: Between third and fourth stimulations as well as 
between sixth and seventh stimulations ISIs are ~120 s. Between all other stimulations ISIs are ~30 s. 
Data show mean ± SEM. ns denotes not significant. p-values are determined by paired t-test. 
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In both recording modes and for both interstimulus intervals, we observe no response 
desensitization upon repetitive stimulation. Mean depolarizations (normalized to the 
initial signal) for 2nd to 9th stimulation are 1.02 ± 0.08, 1 ± 0.08, 1.13 ± 0.12, 0.98 ± 
0.07, 0.86 ± 0.07, 0.91 ± 0.1, 0.86 ± 0.06 and 0.86 ± 0.14, respectively (n ≥ 9). 
Corresponding normalized mean current densities (n = 11) are 0.96 ± 0.05, 0.85 ± 
0.08, 0.88 ± 0.08, 0.89 ± 0.08, 0.87 ± 0.09, 0.91 ± 0.07 and 0.85 ± 0.11, respectively. 
Together, these experiments show that vomeronasal proton-induced responses do 
not desensitize upon prolonged or repeated stimulation. This indicates that these 
responses are not mediated by fast desensitizing ion channels. 
Next, we aimed to characterize the activation time course of the vomeronasal proton-
induced currents. Therefore, we determined activation time constants by fitting the 
slope of pH 4-induced currents with a monoexponential function (Fig. 3.15). 
 
 
                
 
Fig. 3.15: Activation time constant of vomeronasal proton-induced currents. A, Representative 
proton-induced current fitted with a monoexponential function (shown in red). B, The mean activation 
time constant is 3.48 s (n = 10). The bar diagram shows mean ± SEM. 
 
We find a mean activation time constant of 3.48 ± 0.58 s ranging from 1.73 s to 
6.67 s (n = 10). These findings show that protons induce a slow activating current in 
VSNs. 
 
3.2.4.  The sustained proton-induced responses in vomeronasal sensory 
neurons are not mediated by acid-sensing ion channels 
Next, we asked which ion channels and / or receptors mediate the vomeronasal 
proton-induced responses. We decided to first focus on ‘classical’ candidate proton-
activated ion channels. One classical proton-activated ion channel family are the 
ASICs (Kellenberger and Schild, 2002; Lingueglia, 2007; Sherwood et al., 2012; 
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Waldmann et al., 1999; Wemmie et al., 2006). These channels are uniformly inhibited 
by the diuretic drug amiloride (Alexander, 2009; Waldmann et al., 1996, 1997a). 
Thus, we examined if proton-induced VSN responses are blocked by amiloride. To 
do this, we applied the acidic stimulus (pH 6 in current-clamp recordings, pH 4 in 
voltage-clamp measurements) in absence and presence of amiloride (100 µM) with 
washing intervals of at least 120 s (Fig. 3.16). 
 
 
 
Fig. 3.16: Amiloride (100 µM) does not inhibit vomeronasal proton-induced responses. A, Left 
panel: Representative current-clamp trace of a VSN stimulated with pH 6 in absence and presence of 
amiloride. Right panel: Quantification of proton-induced membrane depolarizations (n = 14) in absence 
and presence of amiloride. Results reveal no inhibition by the drug. B, Left panel: Representative 
voltage-clamp recording (holding potential = -70 mV) of a VSN stimulated with pH 4 in absence and 
presence of amiloride. Right panel: Quantification (n = 9) of proton-induced current-densities in 
absence and presence of amiloride. For both quantifications, amplitudes are normalized to the initial 
control amplitude. Interstimulus intervals are at least 120 s. ns denote no significance. p-values are 
determined by paired t-test. 
 
In both recording modes, we observe essentially no inhibition of the proton-induced 
responses by amiloride. The mean amplitude of the proton-induced depolarization in 
presence of amiloride is 88 % of the control amplitude (n = 14). The corresponding 
value for the mean current density is 90 % of the control amplitude (n = 9). Together, 
these results indicate no substantial contribution of ASICs in mediating the sustained 
acid-induced responses. 
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3.2.5.  Transient receptor potential vanilloid type 1 channels do not contribute 
to vomeronasal proton-induced responses 
Next, we focused on another typical proton-activated ion channel: the TRPV1 
channel. Activation of this channel by protons induces a sustained non-desensitizing 
current (Caterina et al., 1997; Jordt et al., 2000; Tominaga et al., 1998) similar to 
vomeronasal proton-induced currents. Therefore, TRPV1 is a candidate mediator of 
acid-induced responses in VSNs. 
Because TRPV1 is specifically inhibited by the drugs capsazepine and SB-366791 
(Caterina et al., 1997; Gunthorpe et al., 2004; Tominaga et al., 1998), we examined 
the effect of these blockers on proton-induced responses. VSNs are challenged with 
acidic stimuli (pH 6 or 5.3 (current-clamp); pH 4 (voltage-clamp)) in absence and 
presence of either drug (Fig. 3.17). 
 
 
   
  
60 
 
   
 
 
Fig. 3.17: Vomeronasal proton-induced responses are not inhibited by capsazepine (10 µM) or 
SB-366791 (10 µM). A, Representative current-clamp recording showing proton-induced membrane 
depolarization and action potential firing, which are not inhibited by capsazepine. B, Quantification (n = 
7) of proton-induced depolarizations in absence and presence of capsazepine. C, Representative 
voltage-clamp traces (holding potential = -70 mV) of a proton-induced current showing no inhibition by 
capsazepine. D, Quantification (n = 7) of proton-induced currents in absence and presence of 
capsazepine. E, Representative current-clamp recordings showing a proton-induced membrane 
depolarization and action potential firing, which are not inhibited by SB-36679. F, Quantification (n = 6) 
of proton-induced depolarizations in absence and presence of SB-366791. G, Representative voltage-
clamp trace (holding potential = -70 mV) of a proton-induced current showing no inhibition by SB-
366791. H, Quantification (n = 10) of proton-induced currents in absence and presence of SB-366791.  
Response amplitudes are normalized to initial control amplitudes. Drugs are preincubated for at least 
120 s. The bar diagrams show mean ± SEM. ns denotes no significance. p-values are determined by 
paired t-test. 
 
Capsazepine inhibits neither proton-induced membrane depolarizations nor proton-
induced currents (Fig. 3.17 A-D). The mean membrane depolarization elicited by 
pH 6 in presence of capsazepine (10 µM) is 95 % of the control amplitude (n = 7). 
The mean current amplitude induced by pH 4 in presence of capsazepine is 83 % of 
the control amplitude (n = 7). In both recording modes, we find no significant 
differences of response amplitudes in absence and presence of capsazepine. In 
addition, the TRPV1 blocker SB-366791 (10 µM) does not inhibit proton-induced 
responses. We find that the mean membrane depolarization elicited by pH 5.3 was 
95 % of the control amplitude (n = 6). The corresponding value for the mean current 
density induced by pH 4 is 90 % (n = 10). 
Although, these findings indicate that TRPV1 channels do not mediate the proton-
induced responses in VSNs, we were interested if this channel is actually expressed 
in VSNs. To address this question, we used capsaicin, a known natural activator of 
TRPV1 channels (Caterina et al., 1997; Tominaga et al., 1998). We applied capsaicin 
to proton-responsive VSNs in both current-clamp and voltage-clamp recordings to 
test if these neurons are also activated by capsaicin (Fig. 3.18).  
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Fig. 3.18: Capsaicin fails to induce responses in proton-responsive VSNs. A, B Representative 
current-clamp (A) or voltage-clamp recording (B) of proton-responsive VSNs showing no activation by 
capsaicin (1 µM). C, D Representative current-clamp (C) or voltage-clamp measurement of two 
proton-responsive VSNs, which are not activated by an increased capsaicin concentration (10 µM). In 
all experiments two different capsaicin application times (2 s and 10 s) are used. The holding potential 
in voltage-clamp recordings is set to -70 mV. 
 
In total, we applied 1 µM capsaicin to 13 proton-responsive cells in the current clamp-
mode and to 16 proton-responsive cells in voltage-clamp recordings and never 
observed capsaicin responses. In addition, we stimulated 4 VSNs in current-clamp 
measurements and 10 cells in voltage-clamp recordings with a higher capsaicin 
concentration (10 µM) and found no activation. Together, these experiments indicate 
that TRPV1 channels do not contribute to the proton-induced responses.  
 
62 
 
3.2.6.  The vomeronasal proton-induced responses are not mediated by the 
two-pore domain potassium channels 
Constitutively open K2P channels are determinants of the resting membrane 
potential. Because many members of this ion channel family are inhibited by 
extracellular protons, they are candidates to mediate vomeronasal proton-induced 
responses (Duprat et al., 2007; Goldstein et al., 2001, 2005; Lesage and Lazdunski, 
2000; Patel and Honoré, 2001). To test a possible involvement, we took advantage of 
the fact that these channels exclusively conduct potassium. We shift the reversal 
potential of potassium (EK) to the holding potential (EK = Vhold = -70 mV). Under these 
conditions, potassium currents are no longer detectable (net current = 0). We then 
compared response amplitudes under modified potassium condition (EK+ = -70 mV) 
to control amplitudes (EK = -86.4 mV) (Fig. 3.19). 
 
 
 
Fig. 3.19: Vomeronasal proton-induced currents are not exclusively carried by potassium. A, 
Representative trace of a proton-induced current in a VSN under control conditions (holding potential 
= -70 mV, EK = -86.4 mV). B, Representative recording of a proton-induced current under modified 
potassium conditions (holding potential and EK = -70 mV). Under these conditions, proton-induced 
currents are still detectable. C, Quantification of proton-induced currents under control and modified 
potassium conditions. Current densities do not significantly differ. Data show mean ± SEM. Cell 
numbers are indicated above each bar. ns denotes no significance. p-value is determined by unpaired 
t-test. EK = reversal potential of potassium, Vhold = holding potential. 
 
After shifting the potassium reversal potential to the holding potential, we still find 
proton-induced currents in 95 % VSNs (n = 21/22). In addition, the current density 
under modified potassium conditions is not significantly reduced (87 % compared to 
control conditions). Together, our results show that proton-induced currents are not 
exclusively carried by potassium. This suggests that these responses are not 
mediated by K2P channels. 
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3.2.7.  The transient receptor potential canonical type 2 channel is not involved 
in mediating vomeronasal proton-induced responses 
The large TRP channel family consists of many different channel subtypes (Clapham 
et al., 2001, 2005; Nilius and Owsianik, 2011; Nilius and Voets, 2005; Ramsey et al., 
2006; Wu et al., 2010). Among those, the TRPC2 channel is known to be important 
for vomeronasal signal transduction and is abundantly expressed in VSN microvilli 
(Leypold et al., 2002; Liman et al., 1999; Stowers et al., 2002; Zufall, 2005; Zufall et 
al., 2005). Because several members of the TRP channel family are modulated by 
protons (Caterina et al., 1997; Chokshi et al., 2012; Huang et al., 2006; Semtner et 
al., 2007; Suzuki et al., 2003; Tominaga et al., 1998; Wang et al., 2011), TRPC2 
channels are candidate mediators of vomeronasal proton-induced responses in 
VSNs, although nothing is known about proton-sensitivity of this specific TRP 
channel subtype. 
To investigate if TRPC2 channels contribute to proton-induced responses, VSNs of 
wild-type and TRPC2-/- mice were challenged with pH 4 in both current-clamp and 
voltage-clamp recordings (Fig. 3.20). 
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Fig. 3.20: TRPC2 channels do not substantially contribute to vomeronasal proton-induced 
responses. A, B Representative trace (holding potential = -70 mV) of a proton-responsive VSN from a 
wild-type (A) and TRPC2-/- (B) mouse. C, Quantification of proton-induced currents in wild-type and 
TRPC2-/- mice shows no significant difference in response amplitudes. D, E Representative recording 
of proton-induced membrane depolarizations and action potential firing in a wild-type (D) or TRPC2-/- 
(E) VSN. F, Quantification of proton-induced membrane depolarizations in wild-type or TRPC2-/- mice. 
No significant difference in response amplitudes are observed. Bar diagrams show mean ± SEM. 
Response amplitudes of TRPC2-/- VSNs are normalized to wild-type responses. ns denotes no 
significance. p-values are determined by unpaired t-test. Numbers of recorded VSNs are indicated 
above each bar. 
 
 
Recordings reveal that proton-induced current densities of wild-type (n = 22) and 
TRPC2-/- (n = 23) VSNs do not significantly differ. Response amplitudes in TRPC2-/- 
mice are 72 % compared to control amplitudes. In addition, we find no significant 
difference in proton-induced membrane depolarizations of wild-type (n = 33) and 
TRPC2-/- (76 % compared to control amplitude, n = 19) VSNs. Together, these 
results indicate that the TRPC2 channel plays no major role in mediating 
vomeronasal proton-induced responses. 
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3.2.8.  The vomeronasal proton-induced current is mainly carried by sodium 
and not modulated under extracellular calcium-free conditions 
After excluding a major contribution of rather ‘classical’ proton-sensitive channels, we 
next aimed to examine additional biophysical properties of vomeronasal proton-
induced responses. First, we investigated the underlying ionic conductance. We 
replaced different extracellular ions and compared pH 4-induced currents under 
these modified ionic conditions with control experiments. In each trial, washing 
periods were at least 120 s. We started with a sodium-, calcium- and magnesium-free 
extracellular solution, in which the potassium reversal potential is shifted to the 
holding potential (Fig. 3.21). In the following, this condition is termed ‘cation-free’. 
 
 
 
 
Fig. 3.21: The vomeronasal proton-induced current is carried by cations. A, Representative 
voltage-clamp recording (holding potential = -70 mV) of a proton-induced current showing a strong 
reduction under cation-free conditions. B, Quantification of proton-induced currents under cation-free 
conditions (n = 3). The current amplitude is strongly reduced under these conditions. Data show mean 
± SEM. Cation-free = no extracellular sodium, calcium or magnesium, the reversal potential of 
potassium is shifted to the holding potential. 
 
 
In cation-free medium, proton-induced current amplitudes are strongly reduced (28 % 
compared to controls; n = 3). These findings indicate that this current is mainly 
carried by cations. Thus, we asked which cations carry proton-induced currents. To 
investigate this, we replaced individual cation types starting with an extracellular 
calcium-free solution (Fig. 3.22). 
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Fig. 3.22: Vomeronasal proton-induced currents are not altered under extracellular calcium-free 
conditions. A, Representative recordings of proton-induced currents showing no alteration under 
calcium-free conditions. B, Quantification of proton-induced currents under calcium-free conditions 
(n = 6). The mean current density is not changed under these modified ion conditions. Data show 
mean ± SEM. ns denotes no significance. p-values are determined by paired t-test. 
 
Under extracellular calcium-free conditions, proton-induced current amplitudes are 
not significantly altered (109 % compared to controls; n = 6). 
Next, we examined if proton-induced currents in VSNs are carried by sodium using a 
sodium-free extracellular solution. Here, we used three different preincubation 
intervals (120 s, 300 s and 480 s) (Fig. 3.23).  
 
             
 
Fig. 3.23: Vomeronasal proton-induced currents are mainly carried by sodium. A, 
Representative trace of a proton-induced current, which is strongly reduced under extracellular 
sodium-free conditions. B, Quantification of proton-induced current densities shows a significant 
amplitude reduction under extracellular sodium-free conditions. Time specifications indicate wash-in 
times of extracellular sodium-free solution. Data show mean ± SEM. Cell numbers are indicated above 
each bar. * denotes statistical significance: *1 = p < 0.01, *2 = p < 0.05. p-values are determined by 
paired t-test. 
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Under sodium-free extracellular conditions, proton-induced current densities are 
significantly reduced. This current amplitude reduction is time dependent. After 120 s 
preincubation time (n = 7) mean current-density is 25 % of the control amplitude. 
With an increase of preincubation time also current reduction increases resulting in 
19 % and 11 % of control amplitude after 300 s (n = 7) and 480 s (n = 3), 
respectively. Together, the results of ionic exchange experiments indicate that 
vomeronasal proton-induced currents are mainly carried by sodium. In addition, these 
currents are not modulated by extracellular calcium-free conditions. 
 
3.2.9.  Current-voltage relationship of vomeronasal proton-induced currents  
Next, we examined the current-voltage (IV) relationship of the proton-induced current 
in VSNs to determine the current’s reversal potential. To do this, we clamped the cell 
to different holding potentials and calculated proton-induced current amplitudes. We 
found that voltages more depolarized than -70 mV activated other voltage-gated 
background channels, which corrupt the IV curve. Thus, we only analyzed currents at 
holding potentials of -90 mV and -80 mV (Fig. 3.24 A). To calculate the reversal 
potential, we plotted current amplitudes against holding potentials and interpolated 
data points using a regression line fit (Fig. 3.24 B). 
 
 
 
Fig. 3.24: IV relationship of vomeronasal proton-induced currents. A, Two representative voltage-
clamp traces of the same VSN showing proton-induced currents recorded at holding potentials of -90 
mV (left) and -80 mV (right), respectively. Red bars indicate response amplitudes used for 
quantification. B, IV plot for the VSN shown in A. Data points are interpolated using a regression line 
fit. The reversal potential of this current is -39.7 mV. C, Quantification of the reversal potential (n = 8). 
Data show mean ± SEM. 
 
By examining the IV relationship, we calculate a mean reversal potential of -35.4 ± 
9.9 mV (n = 8). This result indicates that the ion channel mediating vomeronasal 
proton-induced currents also conduct other ions in addition to sodium. 
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3.2.10.  Analysis of vomeronasal proton-induced currents at different 
membrane potentials using a ramp protocol 
Next, we aimed to investigate proton-mediated effects on VSNs at different 
membrane potentials. To do this, we used a ramp protocol from -120 mV to -60 mV 
(Fig. 3.25 A). We applied this protocol under control and acidic (pH 4) conditions (Fig. 
3.24 B). Afterwards, we subtracted the current under acidic conditions from the 
control current (termed ‘corrected’) to directly visualize proton-mediated effects at 
different potentials (Fig. 3.25 C). 
 
 
 
Fig. 3.25: Proton-mediated effects are more pronounced at more depolarized potentials. A, 
Schematic drawing of the ramp protocol used for analysis of proton-mediated effects at different 
membrane potentials. B, IV relationship of an exemplary VSN under control (grey) and acidic (black) 
conditions. C, Direct visualization of proton-mediated effects (same VSN as in B) by subtracting 
currents under acidic conditions from control currents (termed ‘corrected’). 
 
In all tested cells (n = 10), the proton-mediated current is most pronounced at more 
depolarized potentials. The stronger the hyperpolarizations, the more the effect 
decreases. At the most negative potential tested (-120 mV) the effect is almost 
abolished. Together, these results show that the effect of protons on VSNs is strongly 
voltage-dependent and functional within a limited range of hyperpolarized membrane 
potentials. 
 
3.2.11.  Acidic solutions dose-dependently shift the activation curve of 
hyperpolarization-activated cyclic-nucleotide-gated channels in VSNs 
The biophysical properties of vomeronasal proton-induced currents investigated so 
far indicate a possible involvement of HCN channels. HCN channels are not known 
as ‘classical’ acid detectors. Recently, however, it was shown that extracellular 
protons can shift HCN channel activation curves to more depolarized potentials 
(Stevens et al., 2001). Physiologically, this could lead to channel opening at resting 
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membrane potentials. Therefore, we next aimed to examine if protons shift the 
activation curve of vomeronasal HCN channels. To address this question, we 
designed a hyperpolarizing voltage step protocol to activate HCN channels (Fig. 3.26 
A). Starting from a potential of -60 mV (for pH 4 -50 mV), this protocol ‘clamps’ 
hyperpolarizing steps (first step to -60 mV, increment factor of 5 mV in each iteration, 
last step to -140 mV) followed by a step to -90 mV. To calculate HCN activation 
curves, we measured steady-state current amplitudes after stepping back to -90 mV. 
Currents were plotted against hyperpolarizing step voltages. This way, only the 
number of open channels, rather than the driving force determines variable current 
amplitudes and, thus, activation curves can be calculated. To investigate if protons 
shift the HCN activation curve, we applied this protocol using control and different 
acidic solutions (pH 6.75, pH 6.5, pH 6, pH 5.5, pH 5 and pH 4). To quantify possible 
activation curve shifts, we calculated two parameters: the membrane potential 
corresponding to 5 % HCN channel activation and the membrane potential of half 
maximal activation (Fig. 3.26). 
 
 
 
Fig. 3.26: Extracellular protons dose-dependently shift the HCN activation curve to more 
depolarized potentials. A, Schematic drawing of the hyperpolarizing voltage step protocol used to 
activate HCN channels in VSNs. The red arrow marks the potential used for activation curve 
calculation. B, Representative voltage-clamp traces induced by the hyperpolarizing step protocol 
shown in A under control and acidic (pH 5) conditions. The red arrow shows the potential used for 
activation curve calculation. C, Normalized activation curve of vomeronasal HCN channels under 
control and three exemplary acidic conditions. Note: The more proton concentration increases, the 
more activation curves shift to more depolarized potentials. The red dotted line marks the potential 
corresponding to 5 % HCN channel activation used for quantification. Experiment counts (n) are 
indicated in brackets. Data were fitted with the Hill equation. D, E Quantification of HCN channel 
activation under control and different acidic conditions. Two parameters are used for quantification: 
The potential corresponding to 5 % HCN channel activation (D) and the potential of half maximal 
activation (E). The number of tested cells is indicated above each data point. Data show mean ± SEM. 
The errors bars are smaller than the markers. 
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First, we find that the hyperpolarizing voltage step protocol induces slowly activating 
currents in VSNs (Fig. 3.26 B). Application of less hyperpolarized steps (e.g. -65 mV) 
only induces currents following ohm’s law. Around a potential of -80 mV to -90 mV 
slowly developing currents start to activate. Steps more hyperpolarized than this 
threshold potential induce currents in a voltage-dependent manner: More 
hyperpolarized steps induce larger currents. These properties are typical 
characteristics of HCN channel-mediated Ih currents. Thus, we concluded that VSNs 
express HCN channels, which are activated by the used voltage step protocol. 
Second, we show that extracellular protons dose-dependently shift the HCN channel 
activation curve to more depolarized potentials (Fig. 3.26 C to E). The potential 
corresponding to 5 % HCN channel activation is -86 mV for control (n = 19) and pH 
6.75 (n = 13), -83 mV for pH 6.5 (n = 7), -81 mV for pH 6 (n = 13), -73 mV for pH 5.5 
(n = 7), -71 mV for pH 5 (n = 22) and -55 mV for pH 4 (n = 4). For the potential of half 
maximal activation, we calculate -110 mV for control conditions (n = 19), -108 mV for 
pH 6.75 (n = 13), pH 6.5 (n = 7) and pH 6 (n = 13), -103 mV for pH 5.5 (n = 7), -93 
mV for pH 5 (n = 22) and -73 mV for pH 4 (n = 4). Together, our results show that 
extracellular protons strongly shift HCN channel activation to more depolarized 
potentials in a dose-dependent manner. This shift could lead to opening of these 
channels at physiological resting membrane potentials. 
 
3.2.12.  ZD-7288 inhibits vomeronasal hyperpolarization activated cyclic-
nucleotide-gated channels 
Next, we aimed to specifically inhibit vomeronsal Ih currents. Therefore, we examined 
if the specific HCN channel blocker ZD-7288 (BoSmith et al., 1993; Dibattista et al., 
2008; Gasparini and DiFrancesco, 1997; Satoh and Yamada, 2000; Shin et al., 2001) 
inhibits vomeronasal HCN channels under both control and acidic conditions. To do 
this, we induced Ih currents in absence and presence of ZD-7288 (100 µM) (Fig. 
3.27) using the same hyperpolarizing voltage step protocol as shown in the previous 
section (Fig. 3.26 A). ZD-7288 preincubation times lasted for at least 360 s. 
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Fig. 3.27: ZD-7288 (100 µM) inhibits vomeronasal HCN channels under both control and acidic 
conditions. A, Representative recording showing Ih currents induced by a hyperpolarizing voltage 
step protocol (Fig. 3.26 A) under control conditions without ZD-7288. B, Recording of the same VSN 
as in A under control conditions in presence of ZD-7288. Under this condition, hyperpolarizing voltage 
steps do not activate HCN channels. C, Quantification (n = 9) of the Ih current under control conditions 
in presence of ZD-7288. Currents were measured at -90 mV for three different prepuls potentials and 
normalized to control conditions. D, E Recordings of the same VSN as in A and B under acidic 
conditions (pH 5) in absence (C) and presence (D) of ZD-7288. This blocker also inhibits HCN 
channels under acidic conditions. F, Quantification (n = 9) of the Ih current under acidic conditions in 
presence of ZD-7288. Currents were measured at -90 mV for three different prepuls potentials and 
normalized to acidic conditions in absence of ZD-7288. Data show mean ± SEM. * denotes statistical 
significance p < 0.01. p-values are determined by paired t-test. 
 
In all tested cells (n = 9), ZD-7288 significantly inhibits HCN channels under both 
control and acidic conditions. Under control conditions in presence of ZD-7288, Ih 
currents are reduced to 9 %, 7 % and 25 % compared to control amplitudes for 
prepuls potentials of -140 mV, -120 mV and -100 mV. Under acidic conditions in 
presence of ZD-7288, corresponding values are 18 %, 5 % and 4 %, respectively. 
 
3.2.13.  The isolated Ih current activates at more depolarized potentials under 
acidic conditions 
We next used the specific block effect of ZD-7288 to isolate Ih currents under control 
and acidic conditions. To do this, we subtracted currents in presence of ZD-7288 
(Fig. 28 B, ZD-7288 preincubation at least 360 s) from currents under control / acidic 
conditions in absence of ZD-7288 (Fig. 3.27 A). Thus, only ZD-7288-sensitive 
currents remain (Fig. 3.28 C). Using this isolated Ih current, we could examine 
different current parameters without influence of other background currents. We 
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started with analysis of HCN channel activation curves (as described in 3.2.10) and 
compared both total and ZD-7288-sensitive currents under control versus acidic 
conditions (Fig. 3.28 D-F). 
 
 
 
Fig. 3.28: The isolated Ih current activates at more depolarized potentials under acidic 
conditions. A, Representative recording showing Ih currents induced by a hyperpolarizing voltage 
step protocol (Fig. 26 A) under acidic conditions in absence of ZD-7288. B, Recording of the same 
VSN as in A under acidic conditions in presence of ZD-7288 (preincubation at least 360 s). The drug 
completely inhibits Ih currents. Only background currents remain. C, Isolated Ih (ZD-sensitive) currents 
are obtained by subtracting currents in presence of ZD-7288 from currents in absence of ZD-7288. D, 
HCN channel activation curve of net currents under acidic conditions (n = 9). The calculated potential 
of 5 % activation is -69 mV. E, HCN channel activation curve of isolated Ih currents under acidic 
conditions (n = 9). The calculated potential of 5 % activation is more depolarized (-63 mV) as for total 
currents. F, Quantification of 5 % HCN channel activation under control and acidic conditions for total 
and isolated Ih currents. Under acidic conditions, the potential of 5 % activation is more depolarized for 
isolated Ih currents. Numbers in brackets indicate cell numbers. Data show mean ± SEM. ns denotes 
no significance. * denotes statistical significance (p < 0.01). p-values are determined by paired t-test. 
 
We find that under acidic conditions isolated Ih currents start to activate at more 
depolarized potentials (5 % activation at -63 mV, n = 9) than the complete current 
(5 % activation at -69 mV, n = 9). Under control conditions, 5 % channel activation 
does not differ significantly (-85 mV for total currents, -83 mV for pharmacologically 
isolated Ih currents, n = 9). Together, these experiments show that analysis of net 
currents lead to an underestimation of HCN channel activation under acidic condition. 
Investigation of isolated Ih currents reveals that HCN channels activate at more 
depolarized potentials. 
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3.2.14.  Activation time constants of vomeronasal Ih currents 
Vomeronasal proton-induced currents do not desensitize and activate slowly (τ = 3.5 
s, section 3.2.2.). These properties are typical characteristics of HCN channels (Ishii 
et al., 1999; Ludwig et al., 1998, 1999; Santoro et al., 2000; Seifert et al., 1999). To 
investigate if activation kinetics of vomeronasal proton-induced and Ih currents are 
similar, we aimed to compare activation time constants (τ) of both currents. Thus, we 
next examined τ for isolated Ih currents under control and acidic conditions. To do 
this, we isolated ZD-7288-sensitive currents using a hyperpolarizing voltage step 
protocol (Fig. 3.26 A) under control / acidic conditions (Fig. 3.29 A). Then, we fit each 
developing current trace by a monoexponential equation (Fig. 3.29 B). Only current 
traces induced by voltage steps to at least -90 mV could be fitted, because currents 
induced by less hyperpolarized steps were small and substantially distorted by noise. 
Therefore, we interpolated data by a regression line fit to calculate τ at -70 mV (Fig. 
3.29 C, D). This is necessary for comparison, because τ for proton-induced currents 
are measured at -70 mV. 
               
 
Fig. 3.29: Activation time constants (τ) of vomeronasal Ih currents under acidic and control 
conditions as derived from monoexponential fits. A, Representative recording of isolated Ih 
currents under acidic conditions induced by a hyperpolarizing voltage step protocol (Fig. 3.26 A). B, 
Exemplary current trace from the recording shown in A induced by a hyperpolarizing step to -140 mV. 
The trace was fitted with a monoexponential function (shown in red) in order to calculate τ. C, Plot of 
mean activation time constant τ against hyperpolarization under acidic conditions (n = 8). Data points 
were interpolated to calculate τ at -70 mV (τ = 2.3 s). D, Plot of mean activation time constant τ versus 
hyperpolarization under control conditions (n = 3). Data points were interpolated to calculate τ 
at -70 mV (τ = 9.9 s). Data show mean ± SEM.  
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By analyzing activation time constant for different hyperpolarizing voltage steps, we 
find that τ decreases with more negative potentials under both control (n = 3) and 
acidic conditions (n = 8). Mean activation time constants under control conditions are 
2.3 s and 205 ms at -90 mV and -140 mV, respectively. Corresponding values for 
acidic conditions are 838 ms and 78 ms. These results also show that vomeronasal 
HCN channels activate faster under acidic conditions. Therefore, extracellular 
protons accelerate HCN channel opening. In addition, we calculate τ at -70 mV under 
acidic conditions (τ = 2.3 s) by interpolating data points. This activation time constant 
of Ih currents is in the same range as the activation time constant of proton-induced 
currents (τ = 3.5 s). Together, these experiments reveal that activation time constants 
of HCN channels depend on both voltage and extracellular protons. Furthermore, 
vomeronasal Ih and proton-induced currents show similar activation kinetics with 
respect to their activation time constants. 
 
3.2.15.  Current-voltage relationship of vomeronasal Ih currents 
Vomeronasal proton-induced currents reverse at -35 mV (section 3.2.8). To compare 
reversal potentials of both Ih and proton-induced currents, we next investigated the IV 
relationship of Ih currents under acidic conditions. Therefore, we activated HCN 
channels using a hyperpolarizing voltage step protocol (described in section 3.2.10, 
Fig. 3.30 A) and isolated Ih currents using ZD-7288 (described in section 3.2.12). For 
IV curve calculation, we measured steady-state currents at the end of each 
hyperpolarizing step and plotted it against membrane voltage (Fig. 3.30 A, B and D). 
Because HCN channels activate voltage dependent, the IV curve is non-linear (Fig. 
3.30 D). Thus, for reversal potential calculation only the linear part of the curve 
(where all channels are open) was used. To determine the linear part, we first 
analyzed at which potentials all HCN channels are open using activation curves for 
each cell (Fig. 3.30 C). For these potentials, we interpolated IV data points using a 
regression line fit and calculate Ih reversal potentials (Fig. 3.30 D). 
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Fig. 3.30: IV relationship of vomeronasal Ih currents. A, Hyperpolarizing voltage step protocol used 
for calculation of HCN channel IV and activation curves. Red arrows mark segments relevant for data 
analysis. B, Representative Ih current traces induced by the step protocol shown in A. 
C, Representative activation curve of Ih currents shown in B. Red data points indicate potentials, 
where the maximum number of HCN channels is open. Corresponding data points were used for 
reversal potential calculation in D. D, Representative IV curve of the same cell shown in B and C. Only 
the linear part of the curve (red data points, determined by activation curve in C) was used for reversal 
potential calculation (Vrev = -30.2 mV). E, Quantification of the Ih reversal potential (n = 7). Mean 
reversal potential was -32.8 ± 8.4 mV. Data show mean ± SEM. 
 
By analyzing the IV relationship of Ih currents, we calculate a mean reversal potential 
of -32.8 ± 8.4 mV under acidic conditions. This is consistent with Ih reversal potentials 
in many other cell types (Bader and Bertrand, 1984; Banks et al., 1993; Bayliss et al., 
1994; Crepel and Penit-Soria, 1986; DiFrancesco, 1981a; Kamondi and Reiner, 
1991; McCormick and Pape, 1990). In addition, reversal potentials of vomeronasal Ih 
currents (Vrev = -33 mV) and proton-induced currents (Vrev = -35 mV) are essentially 
similar. 
 
3.2.16.  The proton-induced shift of HCN channel activation is correlated with 
the amplitude of the proton-induced responses in VSNs 
Next, we aimed to investigate a possible relationship of vomeronasal proton-induced 
responses and HCN channel activation under acidic conditions. To do this, we first 
calculated a HCN channel activation curve (described in section 3.2.10, Fig. 3.26 A) 
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under acidic (pH 5) conditions and analyzed the membrane potential inducing 5 % 
HCN channel activation (Fig. 3.31 A). Next, we stimulated the same cell with the 
same acidic stimulus (pH 5) in current-clamp mode and calculated the amplitude of 
proton-induced membrane depolarization (Fig. 3.31 B). To quantify a possible 
correlation, we plotted response amplitudes against membrane potentials 
corresponding to 5 % activation and calculated the correlation coefficient r 
(Fig. 3.31 C). 
 
        
 
Fig. 3.31: HCN channel activation under acidic conditions is correlated with proton-induced 
response in VSNs. A, Representative HCN channel activation curve under acidic (pH 5) conditions. 
The dotted red line marks the potential corresponding to 5 % activation (-69 mV), which is used for 
quantification in C. B, Representative recording of a pH 5-induced membrane depolarization and 
action potential firing showing. Red dotted lines mark response amplitude calculation (11 mV) used for 
quantification in C. C, Correlation diagram of proton-induced membrane depolarizations and the 
potential corresponding to 5 % HCN channel activation. The correlation coefficient is r = 0.576. Both 
parameters are significantly correlated. Red data point marks the cell, which is exemplary shown in A 
and B. 
 
By analyzing these parameters in 28 cells, we find a significant correlation between 
more positive activation potentials and resulting membrane depolarizations 
(r = 0.576). Together, these findings strongly suggest that the proton-induced shift of 
HCN channel activation is, at least in part, responsible for the proton-induced 
responses in VSNs. 
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3.2.17.  The hyperpolarization-activated cyclic nucleotide-gated channel 
blocker cesium and ZD-7288 inhibit vomeronasal proton-induced responses 
In the next experiment, we examined if vomeronasal proton-induced responses are 
inhibited by the HCN channel blockers cesium and ZD-7288 (BoSmith et al., 1993; 
Dibattista et al., 2008; DiFrancesco, 1982; Fain et al., 1978; Gasparini and 
DiFrancesco, 1997; Satoh and Yamada, 2000; Shin et al., 2001). First, we 
investigated pH 4-dependent signals in absence and presence of 5 mM cesium in 
voltage-clamp recordings (Fig. 3.32). Preincubation times of different solutions were 
at least 120 s. 
 
 
 
Fig. 3.32: Vomeronasal proton-induced currents are significantly reduced by cesium. A, 
Representative voltage-clamp recording (holding potential = -70 mV) of a VSN showing strong 
inhibition of the proton-induced current by cesium (5 mM). B, Quantification of mean current densities 
in absence and presence of cesium. Cesium significantly reduced pH 4-induced currents (n = 11).  
Data show mean ± SEM. * denotes statistical significance (p < 0.01). p-values are determined by 
paired t-test. 
 
 
In total, we measured proton-induced currents of 11 VSNs in absence and presence 
of cesium. Under these conditions mean current density is significantly reduced to 
64 % of the control amplitude.  
We used cesium, because it is probably the most widely employed blocking agent for 
HCN channels. However, cesium also acts on inward-rectifier potassium channels 
(Deal et al., 1996; DiFrancesco, 1995; Hibino et al., 2010; Ransom and Sontheimer, 
1995). Therefore, we also investigated a potential effect of the specific HCN channel 
blocker ZD-7288 (100 µM). We challenged VSNs with acidic solutions in absence 
and presence of ZD-7288. Because this blocker acts on HCN channels from the 
intracellular site (Shin et al., 2001), it needs prolonged preincubation. Therefore, we 
tested four different preincubation durations (120 s, 240 s, 360 s and 480 s) and 
measured response amplitudes after each interval. Furthermore, ZD-7288 is an 
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irreversible blocker (Satoh and Yamada, 2000). Thus, we did not expect a wash-out 
effect (Fig. 3.33). 
 
  
 
Fig. 3.33: Vomeronasal proton-induced currents are inhibited by the HCN channel blocker ZD-
7288. A, Representative voltage-clamp recording (holding potential = -70 mV) showing a strong 
inhibitory effect of ZD-7288 on proton-induced currents. Because this blocker needs a prolonged 
incubation time, current amplitudes were investigated after several wash-in times. Note: ZD-7288 is an 
irreversible blocker, thus, no wash-out effect is expected. B, Quantification of proton-induced currents 
in absence and presence of ZD-7288 (n ≥ 8). In presence of ZD-7288, proton-induced currents time-
dependently decrease. Inset: Quantification of proton-induced currents under control conditions 
(Fig. 3.14 D). The currents show no desensitization. Data show mean ± SEM. * denotes statistical 
significance: *1 = p < 0.01. *2  = p < 0.05. p-values are determined by paired t-test. 
 
By examining the effect of ZD-7288 (n ≥ 8), we find that this HCN channel blocker 
significantly reduces pH 4-induced currents. In addition, the inhibitory effect is time-
dependent and increases with a prolonged preincubation. Mean current densities in 
presence of ZD-7288 are 57 %, 59 %, 53 % and 39 % of the control amplitude for a 
preincubation time of 120 s, 240 s, 360 s and 480 s, respectively. This is consistent 
with the fact, that ZD-7288 needs prolonged incubation times, because it acts on the 
internal site of the HCN channel pore (Satoh and Yamada, 2000; Shin et al., 2001). 
After ZD-7288 wash-out for 240 s and 480 s, mean current densities do not recover. 
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By contrast, they decrease to 27 % and 31 % of the control amplitude, respectively. 
This finding is consistent with the fact, that ZD-7288 is an irreversible inhibitor (Satoh 
and Yamada, 2000). 
Because ZD-7288 is, in contrast to cesium, a specific HCN channel inhibitor, we used 
this blocker in following experiments. We investigated if ZD-7288 also inhibits proton-
induced membrane depolarizations and action potential firing and, thus, transmission 
of proton-induced signals. To address this question, we recorded proton-induced 
responses in the current-clamp mode in absence and presence of ZD-7288 (Fig. 
3.34). Because ZD-7288-mediated inhibition was most pronounced after a long 
preincubation time in previous experiments, we used a preincubation time of at least 
480 s. Furthermore, we did not try a wash-out of ZD-7288, because we confirmed 
blocker irreversibility in previous voltage-camp recordings. 
 
     
 
Fig. 3.34: ZD-7288 inhibits vomeronasal proton-induced membrane depolarizations and action 
potential firing. A, Representative recording of a proton-induced response showing strong reduction 
of membrane depolarization and complete inhibition of action potential firing in presence ZD-7288. B, 
Quantification of proton-induced membrane depolarizations in absence and presence of ZD-7288 
(n = 7). Mean membrane depolarization is significantly reduced in presence of ZD-7288. Data show 
mean ± SEM. *1 denotes statistical significance (p < 0.01). C, Quantification of proton-induced action 
potential firing in absence and presence of ZD-7288 (n = 9). In all tested cells, action potential firing is 
completely abolished in presence of ZD-7288. Cell numbers are indicated next to data points. Red 
data points show mean action potential numbers. *2 denotes statistical significance (p < 0.05). D, IF 
curve under control conditions in absence and presence of ZD-7288 (100 µM) (n = 4). In presence of 
ZD-7288, action potential firing is not altered. p-values are determined by paired t-test. 
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In total, we analyze proton-induced membrane depolarizations and action potential 
firing in 9 VSNs. In 78 % (n = 7/9), ZD-7288 strongly reduces response amplitudes 
resulting in a mean membrane depolarization of 38 % compared to controls. In 
addition, ZD-7288 completely inhibits action potential firing in all tested cells. To 
exclude an inhibitory effect of ZD-7288 on voltage-gated channels, we recorded IF 
curves in absence and presence of ZD-7288 (Fig. 3.34 D). In presence of ZD-7288 
action potential firing is not altered. This shows that the inhibitory effect of ZD-7288 
on proton-induced action potential firing is not caused by inhibition of voltage-gated 
channels, which are required for action potential generation. Together, these 
experiments show that both HCN channel blockers cesium and ZD-7288 significantly 
inhibited vomeronasal proton-induced responses. This further supports contribution 
of HCN channels in mediating proton-induced responses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
81 
 
4. Discussion 
The AOS including the VNO plays a critical role in recognition of semiochemicals and 
regulation of social and reproductive behaviors. Although this system is important to 
such an extent, many of the mechanisms underlying VNO physiology remain largely 
unknown. Therefore, the overall aim of my thesis was to gain a deeper understanding 
of the physiological mechanisms underlying chemosensory signaling in the murine 
VNO. Specifically, my research was focused on the role of proton-mediated activity in 
vomeronasal chemosensory signaling. 
In the starting phase of my project, I could show that mouse urine is not only a rich 
source of social chemosignals, but can also create an acidic environment for such 
cues. Surprisingly, mouse urinary pH depends on gender and sexual experience. In 
addition, I found a strong correlation between the estrus cycle of sexually 
experienced females and the proton concentration in their urine. 
In a following series of physiological experiments, I revealed proton-sensitivity of the 
murine VNO using whole-cell patch-clamp recordings. Moreover, by characterizing 
diverse pharmacological and biophysical properties of vomeronasal acid-induced 
responses, I could show that HCN channels play a critical role in mediating proton-
dependent vomeronasal signaling. 
 
4.1.  Analysis of urinary pH in mice 
Mouse urine is a rich source of semiochemicals. One group of urinary cues activating 
the VNO are peptides and proteins (Cavaggioni and Mucignat-Caretta, 2000; 
Chamero et al., 2007; Cheetham et al., 2007; Leinders-Zufall et al., 2004, 2009; 
Logan et al., 2008). The structure and function of peptides and proteins highly 
depends on the environmental pH (Antosiewicz et al., 1994; Goto et al., 1990; Yang 
and Honig, 1993). To examine if urinary pH could influence function of urinary 
semiochemicals, we analyzed urine samples from different mice. These mice were 
grouped depending on sexual experience and gender, because these parameters 
are important for different aspects of vomeronasal signaling (Brennan and Zufall, 
2006; Dulac and Torello, 2003; Halpern and Martinez-Marcos, 2003; Luo and Katz, 
2004; Tirindelli et al., 2009; Zufall and Leinders-Zufall, 2007). We find that only 
sexually experienced females display an acidic urinary pH, which is on average 
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pH 6.3 (Fig. 3.2 and 3.3). By contrast, urinary pH of sexual experienced and 
inexperienced males as well as sexual inexperienced females is pH 7.0, pH 7.3 and 
pH 7.1, respectively (Fig. 3.2). In general, this urinary pH range is consistent with 
several studies, which report values between pH 5.3 to pH 8 (Amlal et al., 2010; 
Bernascone et al., 2010; Chambrey et al., 2005; Kovacikova et al., 2006; Rao and 
Verkman, 2000; Reisinger et al., 2009; Tomochika et al., 1997; Verlander et al., 
2003). However, none of these studies systematically compared the murine urinary 
pH depending on gender and / or sexual experience. In addition, we describe that 
urinary pH of sexually experienced females varies between different days depending 
on estrus cycle stage. In particular, the pH is low in estrus (Fig. 3.7 and 3.8). 
Secretion of acids or bases in the kidney determines urinary pH (see: Koeppen, 
2009; Wagner et al., 2009). Different transporters and ATP-depending pumps secrete 
protons into the primary urine. The critical step to acidify urine takes place in the 
collecting duct. Here, intercalating type A cells secrete protons via vacuolar H+-
ATPases and H+-K+-ATPases localized to apical endothelial membranes. Proton 
secretion into the luminal fluid is tightly regulated by diverse hormones, especially the 
renin-angiotensin system, and other factors such as circadian rhythm (Tomochika et 
al., 1997). However, differences in urinary pH caused by circadian rhythm could be 
excluded in our study, because urine samples were collected at the same time of 
day. 
During estrus cycle, concentrations of different hormones change dramatically (see: 
Caligioni, 2009; Knobill and Neill, 1994; Parkening et al., 1982; Walmer et al., 1992). 
Estrogen increases in proestrus which leads to a surge of luteinizing hormone and 
follicle-stimulating hormone, inducing ovulation. In estrus, estrogen remains 
increased during morning hours, but returns to basal levels in the afternoon. During 
metestrus and diestrus, estrogen concentration is low. This estrogen level cyclicity 
matches our finding that urinary pH is low in proestrus and estrus, but increases in 
metestrus and diestrus (Fig. 3.8). Therefore, it is tempting to speculate that estrogen 
affects proton secretion in the kidney. Several previous studies reported that 
estrogen indeed has an important and complex regulatory influence on the renin-
angiotensin system, which controls kidney function. For example, estrogen stimulates 
synthesis of the renin substrate angiotensinogen (Clauser et al., 1989), increases 
renal angiotensin II (Campbell, 1997) and upregulates renal angiotensin II AT2 
receptors (Armando et al., 2002). In addition, Achiraman and colleagues reported 
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that the biochemical composition of urine changes depending on estrus cycle stages 
(Achiraman et al., 2011). They describe that in proestrus and estrus, lipid and protein 
concentrations are higher than in metestrus and diestrus. By contrast, carbohydrate 
levels apparently do not change. However, to the best of our knowledge, no study 
has yet reported a direct relationship of estrogen and urinary pH. Thus, our results 
could spark a number of follow-up studies. 
In the study at hand, we also show that urinary pH varies estrus-dependently in 
sexually experienced, but not in sexually inexperienced mice (Fig. 3.8). This is an 
interesting result, because both groups display regular estrus cycles. Different 
endocrine alterations induced by male-specific semiochemicals such as estrus 
synchronization (Jemiolo et al., 1986) or puberty acceleration (Novotny et al., 1999a, 
1999b) have been reported. Therefore, we speculate that exposure of females to 
male semiochemicals during sexual experience could cause endocrine changes 
influencing urinary pH. However, in addition to sexual experience both female mice 
groups also differ in age with sexual experience females significantly older than 
sexually inexperienced females. Thus, we cannot exclude that urinary pH differences 
between both groups are age-dependent. For future studies, it will thus be important 
to repeat this experiment with age-matched females. Together, our study reveals that 
mouse urine can create acidic environmental conditions for urinary compounds, in 
particular, when female mice are in estrus. Therefore, we hypothesize that low 
urinary pH could serve as a tool to alter urine-mediated chemosignaling under 
specific endocrine / receptive conditions such as estrus. 
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4.2.  Proton-sensitivity of the mouse vomeronasal organ 
In this part of the project, we described a novel mechanism of vomeronasal 
chemosensory signaling by revealing proton-sensitivity of the murine VNO. Moreover, 
we demonstrated a critical role of HCN channels in mediating proton-induced VSN 
activity. 
4.2.1.  Vomeronasal sensory neurons are activated by acidic solutions 
In every organism, one basic principle of cellular homeostasis is the regulation and 
maintenance of acid-base balance. However, several physiological and 
pathophysiological events induce deviations from physiological pH (Chesler, 1990; 
Chesler and Kaila, 1992; Cobbe and Poole-Wilson, 1980; Issberner et al., 1996; 
Kumar et al., 2007; Steen et al., 1995; Tombaugh and Sapolsky, 1993). Thus, 
proton-sensitivity has evolved as a critical property of different neuronal cell types to 
detect intra- and extracellular pH alterations. In the initial project phase, we 
demonstrated that mouse urine can create an acidic environment for urinary 
compounds important for vomeronasal signaling. To investigate if such acidic 
conditions play a role in vomeronasal chemosensory signaling, we first analyzed 
proton-sensitivity of VSNs using the whole-call patch-clamp technique. We found that 
acidic stimuli elicit two different response types (Fig. 3.9). On the one hand, we 
detected sustained and abundantly occurring responses (Fig. 3.9 A, B), which are 
discussed in the following sections. On the other hand, we recorded transient events 
elicited by acidic solutions (Fig. 3.9 C to E). These responses were only found in a 
subset of cells (26 %). Furthermore, they show fast activation kinetics and rapid 
inactivation during stimulus application. Thus, we conclude that these responses are 
mediated by another mechanism, which represents an additional possibility to detect 
extracellular acidification in the VNO. Given the observed kinetics, we speculate 
about a possible involvement of ASICs. However, this second mechanism of 
vomeronasal proton-sensitivity has to be examined in further studies. 
By applying different acidic solutions to VSNs, we showed that protons dose-
dependently induce inward currents and elicit robust depolarizations as well as action 
potential firing (Fig. 3.10 and 3.11). Thus, the VNO is able to detect acidic conditions 
in a physiological manner. When we compared amplitudes of both proton-induced 
currents and membrane depolarizations, we found that very small currents elicit 
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robust depolarizations and action potential firing (Fig. 3.10 and 3.11). This is a typical 
property of VSNs caused by small size and high input resistance of these cells 
(Hagendorf et al., 2009; Kim et al., 2011; Liman and Corey, 1996; Shimazaki et al., 
2006; Ukhanov et al., 2007; Zhang et al., 2008). Thus, proton-induced responses 
display the same characteristic relationship between underlying currents and elicited 
membrane depolarizations as known from other vomeronasal stimuli. 
To get insight into the mechanism underlying vomeronasal proton-sensitivity, we 
investigated the percentage of acid-responsive VSNs. We found that the great 
majority (≥ 88 %) of VSNs respond with a robust membrane depolarization to pH 6 or 
lower (Fig. 3.12 A). Choosing from a repertoire of over 300 different vomeronasal 
receptors (Rodriguez et al., 2002; Yang et al., 2005; Young and Trask, 2007), each 
VSN expresses only one (in some cases a few) receptor protein (Dulac and Axel, 
1995; Herrada and Dulac, 1997; Martini et al., 2001; Matsunami and Buck, 1997; 
Roppolo et al., 2007; Ryba and Tirindelli, 1997) with a narrowly tuned response 
profile (Leinders-Zufall et al., 2000). Thus, only a low percentage of VSNs express 
the same vomeronasal receptor type. Because the mechanism underlying acid-
sensitivity seems to be nearly ubiquitous in VSNs, we conclude that proton-induced 
responses are not mediated by direct activation of a specific vomeronasal receptor. 
By comparing the number of responsive VSNs in current-clamp and voltage-clamp 
recordings, we found a much lower percentage of cells showing a detectable 
response in voltage-clamp recordings (Fig. 3.12). We assume that this is also due to 
the VSN characteristic that small currents elicit robust membrane depolarizations 
(Hagendorf et al., 2009; Kim et al., 2011; Liman and Corey, 1996; Shimazaki et al., 
2006; Ukhanov et al., 2007; Zhang et al., 2008). We suppose that in a significant 
number of VSNs, acidic stimuli induce currents. However, they are too small to be 
detected by somatic recordings, because of the biophysical properties of VSNs (such 
as a long dendrite inducing ‘space-clamp’ effects). Therefore, those quantitative 
results of our study that are based on voltage-clamp recordings are likely to represent 
an underestimate of the native VSN proton sensitivity. 
Using the same experimental paradigm, we calculated the minimal proton 
concentration inducing responses in VSNs. We determined a threshold pH between 
pH 6.5 (50 % responses) and pH 6.75 (0 % responses) (Fig. 3.12 A). This proton 
concentration is in the same range found for the urine of sexually experienced female 
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mice (Fig. 3.3). Thus, these findings indicate that the proton concentration of murine 
urine is substantial enough to elicit vomeronasal proton-mediated activity. 
 
4.2.2.  Vomeronasal proton-induced responses show sustained, non-
desensitizing kinetics and activate slowly 
The investigation of cellular signaling kinetics is a powerful tool to gain insight into the 
underlying mechanisms. Thus, we examined the temporal features of proton-induced 
responses upon prolonged and repeated stimulus application. We revealed that both 
proton-induced currents and membrane depolarizations do not desensitize neither 
during prolonged nor upon repeated stimulus application (Fig. 3.13 and 3.14). These 
findings suggest a signaling process, which involves ion channels or receptors with 
sustained and non-desensitizing kinetics. Because this is not true for a substantial 
number of ion channels such as most P2X receptors or ASICs (Alexander et al., 
2011), this result provides a critical characteristic of vomeronasal proton-induced 
responses. In addition, we assume that proton-sensitivity will rather cause long-term 
sustained signaling processes than transient events. 
As another characteristic property of individual ion channels and receptors, we next 
examined the time constant of current activation. We found that proton-induced 
currents activate relatively slowly (Fig. 3.15). For different channels / receptors, 
diverse activation time constants are found reaching from a few milliseconds up to 
seconds (see: Alexander et al., 2011). Most GPCR-mediated responses are slow, 
because of the upstream signal transduction cascade. By contrast, the majority of ion 
channels display relatively fast activation kinetics. However, a few ion channels such 
as HCN channels are also known to activate slowly (Biel et al., 2009). Therefore, the 
slow activation of proton-induced currents provides a valuable hint for the 
identification of underlying signaling mechanisms. 
 
4.2.3.  The sustained acid-induced responses in VSNs are not mediated by 
‘classical’ candidate proton-sensitive ion channels 
Acid-sensitivity in different cell types involves a large repertoire of ion channels and 
receptors. The actions of protons on these signaling molecules are diverse ranging 
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from a complete activation or inhibition to different modulatory aspects such as 
sensitization for ligands (see: Holzer, 2009). To identify the channels / receptors 
mediating vomeronasal proton-induced responses, we initially focused on ‘classical’ 
proton-sensitive ion channels.  
ASICs are such typical candidates involved in perception of acidic conditions 
(Gründer and Chen, 2010). For these channels, threshold activation occurs around 
pH 7 depending on ASIC subtype and subunit composition. The pH of half maximal 
activation is highly variable ranging from pH 6.2 - 6.8 for ASIC1a to pH 4.1 - 5 for 
ASIC2a (Holzer, 2009; Lingueglia, 2007; Wemmie et al., 2006). For vomeronasal 
proton-induced responses, we determined threshold activation around pH 6.5 to 
pH 6.75 (Fig. 3.12). This is less acidic than the activation threshold for most ASICs. 
However, threshold activation for ASICs varies depending on the channel subtype 
and subunit composition. For vomeronasal proton-induced responses, we could not 
determine a pH of half maximal activation, because the dose-response relationship 
did not saturate with pH 4 (Fig. 3.11). We did not test more acidic solutions, because 
the lowest value found for an individual urine sample was pH 4.8. In addition, we 
assumed that such unphysiological pH values would cause different side effects. 
However, we could calculate that it must be more acidic than pH 4.7, which would be 
the pH of half maximal activation, if the dose-response curve would saturate with pH 
4. Thus, the pH of half maximal activation for vomeronasal proton-induced currents is 
lower than those values values described for most ASIC subtypes. However, ASIC2a 
is half maximal activated by a pH in the same range (Lingueglia, 2007). 
By comparing desensitization and activation kinetics of vomeronasal proton-induced 
currents with ASIC-mediated currents, we found strong differences. ASICs typically 
display a fast activation with an activation time constant in the range of a few 
milliseconds (Alexander et al., 2011). By contrast, vomeronasal proton-induced 
currents activate slowly (τ ~3.5 s) (Fig. 3.15). Furthermore, ASIC are rapidly 
inactivating and desensitize during a prolonged application of acidic stimuli 
(Alexander et al., 2011; Lingueglia, 2007). These properties are in sharp contrast to 
proton-induced VSN currents which show sustained and non-desensitizing kinetics 
(Fig. 3.13 and 3.14). 
Our findings argue against a substantial contribution of ASICs to vomeronasal 
proton-induced responses. However, these channels likely mediate proton-sensitivity 
in a variety of different cell types (Alexander, 2009; Alvarez de la Rosa et al., 2002; 
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Benson et al., 2002; Grifoni et al., 2008; Gründer et al., 2000; Jahr et al., 2005; 
Lingueglia, 2007; Mamet et al., 2002; Voilley et al., 2001; Waldmann et al., 1999). 
Therefore, we aimed to further substantiate our conclusion by employing a 
pharmacological paradigm. Using the ASIC inhibitor amiloride (Alexander, 2009; 
Lingueglia, 2007; Waldmann et al., 1997, 1999; Wemmie et al., 2006), we found no 
inhibitory effect of amiloride, neither on proton-induced VSN currents, nor membrane 
depolarization and action potential firing (Fig. 3.16). Together, we show that neither 
activation or desensitizing kinetics, nor pharmacological characteristics of 
vomeronasal proton-induced responses are consistent with the properties of ASICs. 
Thus, we concluded that vomeronasal proton-induced responses are not mediated 
by ASICs. It is important to note, however, that these results do not exclude ASIC 
expression in VSNs. 
In addition to ASICs, TRPV1 channels are widely expressed (Nilius and Owsianik, 
2011) and known to mediate proton-sensitivity. Channel activation by protons leads 
to a sustained non-desensitizing current with threshold activation around pH 6 
(Caterina et al., 1997; Jordt et al., 2000; Tominaga et al., 1998). These properties 
match the characteristics of vomeronasal proton-induced responses (Figs. 3.10 to 
3.15). Thus, TRPV1 is a candidate mediator. To test a possible involvement of 
TRPV1, we used a pharmacological paradigm. First, we examined potential effects of 
two different TRPV1 channel blocking agents, i.e. capsazepine and SB-366791. We 
found that neither blocker inhibits vomeronasal proton-induced responses (Fig. 3.17). 
In addition, we showed that capsaicin, which is natural activator of TRPV1, does not 
induce responses in VSNs (Fig. 3.18). These findings lead us to conclude that 
TRPV1 does not contribute to vomeronasal proton-induced responses. Furthermore, 
we assume that TRPV1 is not expressed in VSNs. 
A third ion channel family known as ‘classical' candidates to mediate proton-
sensitivity are constitutively open K2P channels. Although K2P channels interact with 
a great diversity to intra- and extracellular pH alterations, most K2P members are 
inhibited by extracellular protons (Duprat et al., 2007; Goldstein et al., 2001, 2005; 
Holzer, 2009; Lesage and Lazdunski, 2000; Patel and Honoré, 2001). Because 
inhibition of a potassium leak conductance leads to neuronal excitation, K2P 
channels are candidate mediators of vomeronasal proton-induced responses. To test 
a possible involvement of K2P channels, we shifted the potassium reversal potential 
to the holding potential. Under these conditions, acidic solutions still induce 
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responses with no amplitude alteration compared to control responses (Fig. 3.19). 
Thus, proton-induced responses are not mediated by inhibition of a potassium leak 
conductance. 
 
4.2.4.  The transient receptor potential canonical type 2 channel is not involved 
in mediating vomeronasal proton-induced responses 
Based on genetic loss-of-function models, it is widely accepted that in most VSNs 
activation of vomeronasal receptors ultimately results in opening of TRPC2 channels 
(Leypold et al., 2002; Lucas et al., 2003; Stowers et al., 2002). This channel is 
ubiquitously expressed in VSN microvilli (Liman et al., 1999). Because almost all 
VSNs are proton-sensitive (Fig. 3.12), an abundantly expressed channel such as 
TRPC2 is a possible mediator of vomeronasal proton-induced responses, although 
nothing is known about proton-sensitivity of this ion channel. To test a potential 
contribution of TRPC2, we examined vomeronasal proton-sensitivity in TRPC2-/- mice 
(Leypold et al., 2002). These experiments revealed that acidic stimuli still induce 
responses in TRPC2-/- VSNs (Fig. 3.20). Although response amplitudes are slightly 
reduced in TRPC2-/- mice, we found no significant difference compared to control 
amplitudes of wild-type mice (Fig. 3.20). Thus, we concluded that TRPC2 channels 
are not substantially involved in mediating vomeronasal proton-induced responses. 
Furthermore, these findings suggest that the mechanism underlying proton-sensitivity 
is not directly coupled to the classical vomeronasal signal transduction cascade. 
Thus, this mechanism provides an additional non-canonical pathway to induce 
excitation in VSNs.  
 
4.2.5.  Ionic conductance and IV relationship of vomeronasal proton-induced 
responses 
To identify the channel involved in vomeronasal proton-sensitivity, we next examined 
different biophysical properties of the proton-induced responses. Investigations of the 
ionic conductance revealed that proton-induced currents are strongly reduced under 
extracellular cation-free and sodium-free conditions (Figs. 3.21 and 3.23). These 
findings indicate that the proton-sensitive channel mainly conducts sodium at 
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negative membrane potentials However, in presence of extracellular cation-free and 
sodium-free solution, small current remains, which time-dependently decreases 
(Fig. 3.21 and 3.23). On the one hand, this remaining current could be due to another 
ionic conductance. Because the recordings in cation-free extracellular solution 
exclude an involvement of sodium, potassium, calcium and magnesium, only a 
chloride or proton conductance could be responsible. On the other hand, the 
remaining current could be caused by experimental conditions. In slice recordings, 
preincubation times are longer and solution exchange could be incomplete, because 
cells are not isolated, but surrounded by tightly connected tissue. We assume that 
this possibility is more likely, because amplitudes of the remaining current further 
decrease with extended incubation (Fig. 3.23). In addition, we found that proton-
induced currents are not altered under extracellular calcium-free conditions 
(Fig. 3.22). This is important, because many ion channels are modulated by 
alterations in extracellular calcium, although they also conduct other ions (Alexander 
et al., 2011). For example, currents mediated by the olfactory signal transduction 
channel CNGA2 strongly increase in absence of extracellular calcium (Dhallan et al., 
1990).  
Next, we examined the IV relationship of vomeronasal proton-induced currents in 
order to calculate the reversal potential. We only used two different negative holding 
potentials, because steps to more depolarized potentials open different proton-
sensitive voltage-gated ion channels (Claydon et al., 2002; Filosa and Putnam, 2003; 
Jiang et al., 1999; Smith et al., 2011; Somodi et al., 2004). From data extrapolation, 
we found that vomeronasal proton-induced currents reverse around -35 mV 
(Fig. 3.24). This reversal potential is much more negative than the calculated reversal 
potential for sodium ions (ENa = +126 mV). We assume that the proton-sensitive 
channel also conducts potassium which, given the ionic compositions of our 
experimental solutions (see 2.4), is the only ion with a rather negative reversal 
potential (EK = -86 mV). A mixed monovalent cationic current would reverse between 
EK and ENa. Because the reversal potential of proton-induced currents is closer to the 
potassium reversal potential, we assume that the proton-sensitive channel is more 
permeable for potassium. At first glance, this appears to contradict results from 
previous ionic exchange experiments which indicated that the proton-induced current 
is mainly carried by sodium (Fig. 3.23). However, those recordings were performed at 
negative holding potentials close to EK. Under these conditions, potassium currents 
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are negligible. Together, these findings show that vomeronasal proton-induced 
currents are mainly carried by sodium at physiological resting membrane potentials 
and are not modulated by extracellular calcium-free conditions. In addition, these 
currents reverse at -35 mV indicating that the proton-sensitive channel is permeable 
for both potassium and sodium. 
 
4.3.  Hyperpolarization-activated cyclic-nucleotide-gated channels 
mediate proton-dependent signaling in the mouse vomeronasal organ 
Biophysical analysis revealed that vomeronasal proton-induced responses are slowly 
activating and non-desensitizing (Fig. 3.13 to 3.15). Furthermore, proton-induced 
currents are mainly carried by sodium at physiological resting membrane potentials 
and are not modulated under extracellular calcium-free conditions (Fig. 3.22 and 
3.23). In addition, these currents reverse at -35 mV indicating that the proton-
sensitive channel is permeable for both potassium and sodium. These characteristics 
are typical properties of HCN channels (DiFrancesco, 1981a, 1986; Ishii et al., 1999; 
Ludwig et al., 1998, 1999; Santoro et al., 1998, 2000; Seifert et al., 1999; Wollmuth 
and Hille, 1992). HCN channel activation by hyperpolarization leads to a slowly 
activating inwardly directed sodium current under physiological conditions. 
Furthermore, once opened these channels do not desensitize. HCN channels, 
however, are not known as ‘classical’ acid sensors. Recently, it was reported that 
extracellular protons shift HCN channel activation to more depolarized potentials 
resulting in channel opening at physiological resting membrane potentials (Malcolm 
et al., 2003; Stevens et al., 2001). Thus, we hypothesized that HCN channels 
mediate vomeronasal proton-induced responses. 
 
4.3.1.  Extracellular protons shift the activation of vomeronasal 
hyperpolarization-activated cyclic-nucleotide-gated channels to more 
depolarized potentials 
In the VNO, HCN channel isoforms HCN2 and HCN4 are expressed (Dibattista et al., 
2008). To test if vomeronasal HCN channels are proton-sensitive, we recorded HCN 
activation curves under different acidic conditions. These experiments revealed that 
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extracellular protons dose-dependently shift HCN channel activations curves to more 
depolarized potentials (Fig. 3.26). The dose-dependency of this shift is consistent 
with the finding that acidic solutions dose-dependently induce responses (Fig. 3.10 
and 3.11). Under control conditions, the potential of near threshold (5 %) HCN 
channel activation is ~ 86 mV (Fig. 3.26 D). Different studies reported a wide range (-
90 mV to -50 mV) for the resting membrane potentials of rodent VSNs (Dibattista et 
al., 2008; Liman and Corey, 1996; Shimazaki et al., 2006; Ukhanov et al., 2007; 
Zhang et al., 2008). In slice recordings, however, most VSNs have resting membrane 
potentials between -75 to -65 mV (Dibattista et al., 2008; Shimazaki et al., 2006; 
Ukhanov et al., 2007). Thus, under physiological pH conditions, all or most HCN 
channels are expected to be closed. Application of pH 6.75 did not induce a shift of 
HCN activation (Fig. 3.26 D). This is consistent with the finding that pH 6.75 did not 
elicit responses in VSNs (Fig. 3.12). In addition, we found that the threshold proton 
concentration for both proton-induced responses and the shift of HCN channel 
activation is similar (pH 6.5; Fig. 3.12 and 3.26 D). The minimal proton concentration 
inducing responses in most cells (88 %, Fig. 3.12) is pH 6. Under the same acidic 
conditions, 5 % of HCN channels are activated at -81 mV. This potential is slightly 
lower than the resting membrane potential reported for most VSNs. However, 
different aspects argue that the shift of HCN channel activation is large enough to 
mediate vomeronasal proton-induced responses. First, we found that proton-induced 
shifts of HCN channel activation are underestimated in presence of background 
channels. For isolated Ih currents, pH 5-induced shifts are 5 mV more depolarized 
than shifts in presence of other background channels (Fig. 3.28). Second, rather than 
determining the exact threshold voltage, we specifically calculated the membrane 
potential that activates precisely 5 % of HCN channels. Thus, threshold activation 
occurs at more hyperpolarized potentials. Simeone and colleagues reported that the 
single channel current for HCN channels is ~0.6 pA at  -70 mV (Simeone et al., 
2005). Considering the fact that receptor currents of 1-2 pA are enough to elicit a 
robust membrane depolarization and action potential firing in VSNs (Hagendorf et al., 
2009; Kim et al., 2011; Liman and Corey, 1996; Shimazaki et al., 2006; Ukhanov et 
al., 2007; Zhang et al., 2008), activation of only a few HCN channels would induce 
responses in VSNs. Third, it is likely that the real resting membrane potential of VSNs 
is more hyperpolarized than the previously reported values of -75 mV to -65 mV. This 
assumption was discussed in several recent studies (Lynch and Barry, 1991a, 1991b; 
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Schild, 1989; Schild and Restrepo, 1998; Trotier and Døving, 1996). The small size 
and the high input resistance of VSNs (and similar cells such as olfactory sensory 
neurons) lead to underestimation of the resting membrane potential. Following this 
argument, two different groups calculated a resting membrane potential in VSNs or 
OSNs around -90 mV (Lynch and Barry, 1991a, 1991b; Trotier and Døving, 1996). 
Forth, Dibattista and colleagues reported that pharmacological inhibition of HCN 
channels decreases resting membrane potential and increases input resistance of 
VSNs under physiological conditions (Dibattista et al., 2008). This indicates that at 
least some HCN channels are open under resting membrane conditions. Together, 
we conclude that the shift of HCN channel activation is large enough to induce 
responses in resting VSNs. 
 
4.3.2.  Analysis of vomeronasal proton-induced currents at different membrane 
potentials using a ramp protocol 
A proton-induced shift of HCN activation could also explain the unusual IV 
relationship revealed by analysis of proton-induced currents at different membrane 
potentials. We found that current amplitudes are largest at slightly hyperpolarized 
potentials and the magnitude of this effect decreases with more hyperpolarization 
(Fig. 3.25). Close to resting potential, the majority of HCN channels are closed. 
Therefore, massive channel opening by application of extracellular protons causes a 
pronounced effect. At more hyperpolarized potentials, at least some HCN channels 
are already open. Thus, extracellular acidification will only open few additional 
channels. Comparable characteristics are found for the proton-induced shift of the 
HCN activation curve (Fig. 3.26 C). For more depolarized potentials, the shift is 
pronounced. By contrast, for the most hyperpolarized potential we tested, 
extracellular acidification did not shift the activation curve, because all HCN channels 
are already open. 
Using a ramp protocol, we detected an additional proton-mediated effect. 
Around -65 mV, another voltage-activated conductance opens (Fig. 3.25 B, grey 
trace), which was abolished under extracellular acidic conditions (Fig. 3.25 B, black 
trace). Given this activation threshold, we speculate that this conductance could be 
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mediated by voltage-gated sodium channels. Furthermore, it was reported that these 
channels are inhibited by protons (Maurer et al., 2012; Smith et al., 2011). 
 
4.3.3.  Pharmacological and biophysical properties of vomeronasal 
hyperpolarization activated cyclic-nucleotide-gated channels 
Next, we aimed to specifically inhibit vomeronasal Ih currents using the HCN channel 
blocker ZD-7288 (BoSmith et al., 1993; Dibattista et al., 2008; 
Gasparini and DiFrancesco, 1997; Satoh and Yamada, 2000; Shin et al., 2001). We 
found that ZD-7288 significantly inhibits HCN channels under both control and acidic 
conditions (Fig. 3.27). In presence of ZD-7288, steady-state Ih currents induced by 
hyperpolarization to -140 mV are reduced to 9 % compared to control amplitudes. 
Dibattista and colleagues reported that Ih currents measured at -150 mV are reduced 
to 40 % in presence of ZD-7288. This difference in the extend of inhibition could be 
explained by different experimental procedures. First, we measured Ih current 
inhibition after a voltage step to -90 mV. By contrast, Dibattista et al. measured ZD-
7288-dependent steady-state Ih current inhibition at -150 mV. Second, we used a 
physiological extracellular solution for recordings. By contrast, Dibattista and 
coworkers recorded Ih currents using an elevated extracellular potassium solution, 
which increases current amplitudes. Third, Dibattista et al. quantified Ih currents from 
3 cells with a standard deviation of 20 %. Thus, it is possible that the inhibitory effect 
of ZD-7288 was underestimated. 
Next, we used the specific inhibitory effect of ZD-7288 to isolate Ih currents 
(Fig. 3.28) and examine different biophysical properties of vomeronasal HCN 
channels without background current ‘noise’. First, we investigated if activation 
curves of isolated Ih currents differ from HCN activation curves in presence of 
background currents (Fig. 3.28). These experiments revealed that the proton-induced 
shift of HCN activation is underestimated in presence of background currents. Under 
acidic conditions, isolated Ih currents activate at significantly more depolarized 
potentials than measured without pharmacological current isolation. For control 
conditions, we found no significant difference. These findings are important regarding 
the question if proton-induced shifts of HCN activation are large enough to induce 
responses in VSNs (see 4.3.1). 
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We also used the isolated Ih current to analyze current kinetics (Fig. 3.29). First, we 
examined the activation time constant under control conditions. We found that 
vomeronasal HCN channels activate very slowly at physiological resting membrane 
potentials (τ = 10 s at -70 mV). By contrast, at more hyperpolarized potentials, 
channel opening is accelerated (τ = 150 ms at -140 mV) (Fig. 3.29 D). These values 
are in an essentially similar range as vomeronasal Ih activation time constants 
reported by Dibattista and colleagues, who found τ = ~ 7 s at -70 mV and τ = ~ 350 
ms at -140 mV (Dibattista et al., 2008). Next, we examined Ih activation time 
constants under acidic conditions. We found an activation time constant of τ = 2.3 s 
at -70 mV (Fig. 3.29 C). This value resembles the one found for proton-induced 
currents (τ = 3.5 s at -70 mV, Fig. 3.15). This finding shows that both currents display 
similar activation kinetics. In addition, these experiments revealed that also under 
acidic conditions, activation time constants are voltage dependent and decrease at 
hyperpolarized potentials (τ = 2.3 s at -70 mV; τ = 70 ms at -140 mV). However, 
compared to control conditions, HCN activation is accelerated under acidic 
conditions. This characteristic was also reported for heterologously expressed HCN1 
and HCN4 channels (Stevens et al., 2001). However, the effect of acidic pH on HCN 
kinetics is more pronounced for HCN4 (Stevens et al., 2001) which, together with 
HCN2, is expressed in the VNO (Dibattista et al., 2008). 
Next, we examined the IV relationship of vomeronasal Ih currents and calculated that 
these currents reverse at -33 mV (Fig. 3.30). Thus, the reversal potential of both 
vomeronasal Ih and proton-induced currents (Urev = -35 mV, Fig. 3.24) is similar. This 
indicates that both currents could be mediated by the same conductance. In addition, 
this result is consistent with several studies showing Ih reversal potentials in the 
range of -20 to -40 mV (Bader and Bertrand, 1984; Banks et al., 1993; Bayliss et al., 
1994; Crepel and Penit-Soria, 1986; DiFrancesco, 1981a; Kamondi and Reiner, 
1991; McCormick and Pape, 1990). In particular, Dibattista and colleagues reported 
essentially the same reversal potential (-32 mV) for vomeronasal Ih currents 
(Dibattista et al., 2008). 
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4.3.4.  The proton-induced shift of HCN channel activation is correlated with the 
amplitude of vomeronasal proton-induced responses 
To examine a possible relationship of vomeronasal proton-induced responses and 
the proton-induced shift of HCN channel activation, we investigated a possible 
correlation of both parameters. We found that the amplitude of proton-induced 
depolarization is significantly correlated with HCN activation under acidic conditions 
(Fig. 3.31). The more depolarized the potential of HCN activation, the larger the 
amplitude of proton-induced depolarization. This finding strongly argues for an 
involvement of HCN channels in mediating vomeronasal proton-induced responses. 
 
4.3.5.  The hyperpolarization-activated cyclic nucleotide-gated channel blocker 
cesium and ZD-7288 inhibit vomeronasal proton-induced responses 
Next, we examined if HCN channel blockers inhibit vomeronasal proton-induced 
responses. We first investigated an effect of the most commonly used unspecific 
HCN-channel blocker cesium (DiFrancesco, 1982; Fain et al., 1978; Ludwig et al., 
1998) and found that it significantly inhibits proton-induced currents (Fig. 3.32). This 
result further supports the notion that HCN channels are involved in mediating 
proton-induced responses. However, cesium also inhibits inward-rectifier potassium 
channels, which are activated in the same membrane potential range as HCN 
channels (Deal et al., 1996; DiFrancesco, 1995; Hibino et al., 2010; Ransom and 
Sontheimer, 1995). Therefore, we decided to use the specific HCN channel blocker 
ZD-7288 in following experiments. Because ZD-7288 intracellularly inhibits HCN 
channels, it needs prolonged preincubation and is not completely reversible (BoSmith 
et al., 1993; Dibattista et al., 2008; Gasparini and DiFrancesco, 1997; Satoh and 
Yamada, 2000; Shin et al., 2001). In our experiments, we found that ZD-7288 
significantly inhibits vomeronasal proton-induced currents with these typical 
characteristics. The inhibitory effect increases with prolonged incubation and was not 
reversible (Fig. 3.33). By contrast, inhibition increases even during wash-out periods. 
In addition, we described that ZD-7288 also significantly inhibits proton-induced 
membrane depolarization. Furthermore, in presence of ZD-7288, application of acidic 
solutions did not trigger action potential firing (Fig. 3.34). Thus, in the intact AOS, no 
information would be conveyed to the AOB. Moreover, we showed that the strong 
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effect of ZD-7288 is not caused by unspecific inhibition of voltage-gated channels 
required for action potential firing (Fig. 3.34 D). 
In summary, we report that extracellular protons shift HCN channel activation in 
VSNs with the same threshold pH and dose-dependency as measured for 
vomeronasal proton-induced responses. Furthermore, we show that proton-induced 
currents and Ih currents display similar characteristics. Both currents exhibit the same 
pharmacological properties as well as similar kinetics in terms of activation and 
desensitization. In addition, both currents are carried by an influx of sodium ions and 
reverse at the same membrane potential. These findings strongly argue that HCN 
channels play a critical role in mediating proton-dependent signaling in the VNO. 
 
4.3.6.  HCN isoforms in the mouse VNO 
The family of HCN channels consists of four isoforms (HCN1-4), which are 
distinguished by biophysical characteristics. Especially, the activation time constant 
differs between isoforms. HCN1 channels show the fastest activation kinetics (τ = 30 
- 300 ms at -140 mV to -90 mV) (Ishii et al., 2001; Santoro et al., 1998, 2000; Stieber 
et al., 2005). In contrast, HCN4 is the isoform displaying the slowest activation (τ = a 
few hundred milliseconds at -140 mV, up to many seconds at -70 mV) (Ishii et al., 
1999, 2001; Ludwig et al., 1999; Seifert et al., 1999; Stieber et al., 2005). HCN2 (τ = 
150 ms – 1 s at -140 mV to -90 mV) (Ludwig et al., 1999; Stieber et al., 2005) and 
HCN3 (τ = 250 ms at -140 mV to 2 s at -90 mV) (Mistrík et al., 2005; Stieber et al., 
2005) have intermediate activation kinetics. In this study, we found activation time 
constants of τ = 150 ms at -140 mV to τ = 10 s at -70 mV under control conditions 
(Fig. 3.29 D). This very slow activation kinetics at -70 mV indicates that HCN4 
channels contribute to vomeronasal Ih currents. However, the fast activation at -140 
mV is not typical for HCN4 isoforms. Thus, we speculate about a possible additional 
role of other HCN subtypes. We assume that HCN1 channels are not expressed in 
the VNO, because activation kinetics of this isoform do not match our experimental 
results. In addition, it was reported that the TRPV1 channel blocker capsazepine 
inhibits HCN1 channels (Gill et al., 2004). However, we did not detect an inhibitory 
effect of capsazepine on vomeronasal proton-induced responses. Thus, we conclude 
that in addition to HCN4 channels, HCN2 or HCN3 isoforms are expressed in VSNs. 
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Both isoforms only slightly differ in their activation kinetics. However, Ih activation in 
VSNs at -140 mV exactly matches activation kinetics described for HCN2. In addition, 
a recent study reported that HCN4 and HCN2 channels co-assemble to form 
functional heterotetramers (Whitaker et al., 2007). Furthermore, Dibattista and 
colleagues reported detection of HCN2 and HCN4 mRNA in VSNs (Dibattista et al., 
2008). In summary, we conclude that VSNs likely express HCN4 and HCN2 
channels. 
 
4.4.  The role of proton-sensitivity in the mouse VNO 
The adjustment of input-output relationships in accordance to specific physiological 
requirements is an essential feature of all sensory systems. Therefore, they 
developed a large repertoire of different regulatory mechanisms. Among those, 
adaptation mechanisms are a prominent example. Adaptation regulates the 
responsiveness of sensory neurons upon prolonged or repetitive stimulation. In 
VSNs, calcium influx upon pheromone stimulation activates a calmodulin-dependent 
adaptation mechanism, which terminates TRPC2-mediated currents (Spehr et al., 
2009). Another regulatory mechanism also described for VSNs is homeostatic 
plasticity (Hagendorf et al., 2009). Cellular ionic conductances are controlled in an 
activity-dependent manner through alterations of specific gene expression. However, 
this mechanism is rather important for long-term alterations in the range of hours or 
days than direct modulation of specific sensory inputs. So far, for vomeronasal 
signaling no regulatory mechanism that directly alters sensory input strength as a 
function of physiological requirements has been described.  
In this study, we report that mouse urine is not only a rich source of semiochemicals, 
but can also create an acidic environment for these cues. However, these deviations 
from physiological pH are only found in female mice and depend on estrus cycle 
stages. In addition, we could show that acidic solutions induce responses in VSNs via 
HCN channels. Combining these two findings, we speculated that vomeronasal 
proton-sensitivity may display a regulatory mechanism involved in VNO gain control. 
We assumed that urinary pH alters the effect of urinary semiochemicals in defined 
estrus cycle stages.  
Urinary pH of female mice in proestrus and estrus is on average pH 6 ranging from 
pH 5.07 to pH 7.62 (Fig. 3.8). This is consistent with the activation threshold for 
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vomeronasal proton-induced responses (pH 6.5) (Fig. 3.12). We assume that urine 
reaching VSNs is slightly diluted. Considering that pH is a logarithmic unit, a 10-fold 
dilution is required to decrease pH by 1 unit. Thus, we speculate that VSNs are 
exposed to a pH value between pH 6 and pH 7 during social investigation behavior. 
Derived from electrophysiological recordings (Fig. 3.10 to 3.12), we assume that this 
proton concentration would induce small membrane depolarization, rather than action 
potential firing. Thus, VSNs would not be activated, but excitability would be 
increased. This would facilitate detection of urinary cues. An excitability increase 
without action potential firing is also meaningful, because almost all VSNs respond to 
protons. If urinary pH reaching the cells would be more acidic, all VSNs would start to 
fire action potentials. We assume that such a complete activation of the whole VNO 
would not produce meaningful information.  
In addition, we propose that vomeronasal proton-sensitivity is mediated by HCN 
channels. One physiological key role of these channels is regulation of resting 
membrane potentials and, thereby, control of neuronal excitability (Day et al., 2005; 
Doan and Kunze, 1999; Lupica et al., 2001; Meuth et al., 2006). Thus, the finding that 
HCN channels mediate proton-sensitivity is in accordance with the assumption that 
extracellular acidification modulates the resting membrane potential of VSNs. In 
addition, we report that the mechanism underlying proton-sensitivity is independent 
from the canonical vomeronasal signal transduction cascade. This provides 
additional support for an independent regulatory mechanism involved in VNO gain 
control. 
In addition, we assume that alterations of urinary pH could influence vomeronasal 
signaling by changing the structure of urinary compounds. In the last years, several 
studies reported an involvement of urinary proteins and peptides in vomeronasal 
chemosensation (Cavaggioni and Mucignat-Caretta, 2000; Chamero et al., 2007; 
Cheetham et al., 2007; Leinders-Zufall et al., 2004, 2009; Logan et al., 2008). 
Because protein structure highly depends on environmental pH (Antosiewicz et al., 
1994; Goto et al., 1990; Yang and Honig, 1993), we hypothesize that urinary pH 
alterations also change the structure of urinary compounds. This could influence 
interaction of semiochemicals with their appropriate receptor proteins, which, in turn, 
could alter activation of specific VSNs. In summary, our results implicate HCN 
channel-dependent vomeronasal acid-sensing in gain control of social 
chemosignaling. 
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5. Summary 
The mouse vomeronasal organ plays a critical role in chemosensory communication 
and regulates diverse social and sexual behaviors. However, many physiological 
mechanisms underlying vomeronasal chemosensory signaling remain elusive. 
Therefore, the overall aim of my thesis was to gain a deeper understanding of the 
basic mechanisms that control VNO physiology. Specifically, my research focused on 
HCN channel-mediated vomeronasal proton-sensing and its potential role in sensory 
gain control of social chemosignaling. 
Initially, I described that urinary pH depends on gender, sexual experience and 
estrus cycle stages. In particular, sexually experienced female mice display a 
generally more acidic urinary pH, which significantly decreases during estrus. These 
results indicate that urinary pH regulation in mice depends on parameters which also 
play an instructive role in conspecific chemosensory communication and 
vomeronasal signaling. 
In subsequent electrophysiological studies, I described a novel signaling mechanism 
in the mouse VNO by revealing that VSNs are proton-sensitive. Using whole-cell 
patch-clamp recordings in acute VNO tissue slices, I showed that acidic solutions 
dose-dependently activate most VSNs with threshold activation in the pH range of 
mouse urine. Surprisingly, my investigations suggest no substantial involvement of 
‘classical’ proton-sensitive ion channels or TRPC2, the major vomeronasal signal 
transduction channel, in pH-dependent signaling. By characterizing different 
biophysical and pharmacological properties, I revealed that HCN channels play a 
critical role in mediating vomeronasal proton-sensitivity. I could show that acidic 
solutions dose-dependently shift HCN activation to more depolarized potentials 
leading to channel opening under resting conditions. Furthermore, I described that 
the biophysical properties such as kinetics, ionic conductance and IV relationship as 
well as the pharmacological profile of both vomeronasal Ih and proton-induced 
currents are similar. In addition, I showed that amplitudes of proton-induced 
responses are significantly correlated with proton-induced HCN activation thresholds.  
Together, this research revealed urinary pH regulations by endocrine parameters as 
well as HCN channel-mediated proton-dependent signaling in the mouse VNO. 
These findings indicate a critical role of vomeronasal proton-sensitivity in gain control 
of social chemosignaling. Thus, my thesis provides new insights into the underlying 
mechanisms controlling VNO physiology and chemosensory communication. 
101 
 
6. Abbreviations 
ACIII   adenylate cyclase type III 
accn   amiloride-sensitive cation channel neuronal encoding gene 
Ano2   anoctamin 2 
AOB   accessory olfactory bulb 
ASIC   acid-sensing ion channels 
ATP   adenosine-triphosphate 
a.u.   arbitrary unit 
BASIC  bile acid-sensitive ion channel 
BES   bis(2-hydroxyethyl)-2-aminoethanesulfonic Acid 
BV   blood vessel 
cAMP   cyclic adenosine-monophosphate 
CaCC   calcium-activated chloride channel 
CNBD   cyclic-nucleotide binding domain 
CNG   cyclic-nucleotide gated 
DAG   diacylglycerol 
Deg   degenerin 
DMSO  dimethyl sulfoxide 
DRG   dorsal root ganglion 
EGTA   Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid 
ENaC   epithelial Na+-channel 
ESP   exocrine gland secreting petide 
FPR   formyl peptide receptor 
GC-D   guanylyl cyclase D 
GG   Grueneberg ganglion 
GPCR  G-Protein coupled receptor 
GTP   guanosine-triphosphate 
HCN   hyperpolarization-activated cyclic-nucleotide gated 
HEPES  (2-hydroxyethyl)-1-piperazineethanesulfonic acid 
IP3   inositol 1,4,5 trisphosphate 
K2P   two-pore domain potassium  
KCR1   potassium channel regulator protein 1 
Kir   inward rectifier potassium 
MES   2-(N-Morpholino)ethanesulfonic acid hydrate 
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MHC   major histocompatibility complex 
MIRP1  mink-related peptide 1 
MOB   main olfactory bulb 
MOE   main olfactory epithelium 
MOS    main olfactory system 
MUP   major urinary protein 
n   number 
NKCC1  Na+-K+-Cl—Cotransporter 
NMDG  N-Methyl-D-glucamine 
OR   odorant receptor   
OSN   olfactory sensory neuron 
PIP2   phosphatidylinositol 4,5-bisphosphate   
PLC   phospholipase C 
PP   perfusion pencil 
PUFA   polyunsaturated fatty acid 
SEM   standard error of the mean 
SO   septal organ of masera 
TAAR   trace-amine associated receptor 
TMEM16B  member B of the transmembrane 16 group of proteins 
TRIB8b  TPR-containing Rab8b interacting protein 
TRP   transient receptor potential 
TRPC2  transient receptor potential canonical type 2  
TRPC2-/- mice mice deficient for the trpc2 gene 
TRPC6  transient receptor potential canonical type 6 
TRPM5  transient receptor potential melastatin type 5  
TRPV1  transient receptor potential vanilloid type 1 
V1R = Vmn1R vomeronasal type 1 receptor 
V1r = Vmn1r  vomeronasal type 1 receptor-encoding gene 
V2R = Vmn2R vomeronasal type 2 receptor 
V2r = Vmn2r  vomeronasal type 2 receptor-encoding gene 
Vhold   holding potential 
VNO   vomeronasal organ 
VR   vomeronasal receptor 
VSN   vomeronasal sensory neuron 
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